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Abstract 
 

Wellington lies in an area of high seismicity, with multiple known active faults in the 

region and a major fault intersecting the city itself.  Although the Wellington city centre is 

situated on relatively flat ground, vital infrastructure and many dwellings are located on the 

surrounding hills and at the toe of steep slopes. The urban development has also led to 

construction of numerous cut slopes, often unsupported. Although Wellington city has 

experienced shaking of MM intensity VI–VII many times over the past 150 years, it has not 

experienced severe shaking since 1855. Most of the current cuts have thus not been tested by 

strong shaking. 

 Seismic site effects in hilly terrain are the result of complex interaction between the 

site topography and geology, but are also affected by the properties of the incoming wave 

field. The site effects can change the amplitude, frequency content and duration of seismic 

shaking. In most cases, the site effects have been observed to amplify the shaking at the slope 

crests and deamplify at the slope toes. Quantitatively, however, there is significant variability 

in the published data. This variability reflects differences in the methodologies used to 

analyse site effects, in the quality of the analysed data, and the variability in the topography 

and geology of the investigated slopes. 

 In this thesis, we have investigated the weak motion seismic response of slopes using 

4 characteristic slopes in the area (Owhiro Bay Quarry, Breaker Bay Cliff, Mitchell Street 

Ridge and Saint Gerard’s Monastery) using seismic records from the field and numerical 

models. Seismic arrays were deployed on the sites for periods ranging from 4 to over 11 

months. Continuous seismic records of a combined length of over 100 months have been 

gathered from the arrays. The seismic signals recorded by the arrays were analysed in terms 

of the peak ground accelerations, Standard Spectral Ratios and Horizontal to Vertical Spectral 

Ratios of 10 second s-wave windows. Polarisation of the site response and source 

backazimuth effects were also analysed. 

Dynamic models of the sites were created in FLAC 2D to further investigate the site 

effects on the sites, and to assess the reliability of the numerical models to predict how other 

similar slopes in the Wellington area may respond to earthquake shaking.  

All our stations at the tops of the slopes show relatively similar, low mean 

amplification ratios (2–3.1 for the horizontal peak ground acceleration). Stations in the central 

parts of the slopes show larger scatter of the mean amplification ratios (from 0.9 to 7.2), with 

the amplification ratios correlating with the slope shape. The wavelength of the fundamental 

resonance, on the other hand, correlates well with the site dimensions (height and length). 

The central parts of slopes show relatively strong polarisation, controlled mainly by 

the local shape of the terrain. The slope crests mostly exhibit relatively complex polarisation 

patterns reflecting the 3D shapes of the investigated sites. 

All stations also display strong effects of source backazimuth on horizontal 

amplification, and mostly limited effects on vertical amplification. In terms of peak ground 

acceleration, the effects of source backazimuth are stronger than the effects caused by the site 

polarisation. The effects of source backazimuth affect nearly the full range of investigated 

frequencies. While in some cases the effects of source backazimuth can be linked to the shape 
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of the investigated topographic features, in other cases the effects seems to be controlled by 

the topography surrounding the investigates sites. 

In accordance with previous observations, the numerical models were found to mostly 

underpredict the site amplification compared to the field data. The match between the models 

and the field data is, however, strongly site specific: while the models of some sites provided 

a good match with the field data, for other sites the models predicted amplification of an order 

of magnitude lower than that observed in the field. Use of field data for verification of 

numerical models is, therefore, absolutely critical. 
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H = Slope height 

HVSR = Horizontal to Vertical Spectral Ratios 

L = Slope length 

MM = Modified Mercalli Intensity 

Mw = Moment magnitude of an earthquake  

NIDFB = North Island Dextral Fault Belt 

PGA = Peak ground acceleration 

SNR = Signal-to-noise ratio 

SSR = Standard Spectral Ratios 

Vs = Shear wave (s-wave) velocity 

Vp = Pressure wave (p-wave) velocity  

W = Ridge width 

λ = Wavelength 

 

The following abbreviations were used for identification of the seismic channels: 

N00 = Component oriented in the direction of magnetic north – south 

E00 = Component oriented in the direction of magnetic east – west 

Z00 = vertical component 
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Chapter 1: Introduction 
 

1.1. Thesis background 

Wellington is a city with a significant seismic hazard and 10% probability of an 

earthquake with a local peak ground acceleration of 0.5–0.6 g within the next 50 years 

(Stirling, et al. 2012). 

Although the Wellington city centre is situated on relatively flat ground, vital 

infrastructure and many dwellings are located on the surrounding hills and at the toes of steep 

slopes. The urban development has also led to construction of numerous, frequently 

unsupported, cut slopes. Since 1855, Wellington has not experienced an earthquake shaking 

of MM > VI–VII, and most of the current cut slopes have thus not been tested by strong 

shaking (Downes & Dowrick 2014; Balfour 2016; Fraser, et al. 2016). 

The character of the 

ground motion during an 

earthquake is controlled by 

several factors, such as 

source characteristics 

(source effects), 

propagation path (path 

effects), and the site 

topography and geology 

(site effects), as illustrated 

in Figure 1.1. 

Seismic site effects 

in a hilly terrain have been 

the subject of scientific 

investigations and debate 

for over 50 years (e.g. 

Gilbert & Knopoff 1960; 

Boore 1972). Site effects 

have been observed to 

affect all parameters of 

earthquake shaking: the 

amplitude, frequency 

content and the duration (Godinho, et al. 2009; Lee, Komatitsch, et al. 2009). 

There is a qualitative agreement on certain aspects of seismic site effects on hilly 

terrain, for instance that amplification is observed on the slope crest and deamplification is 

observed at the slope toe (e.g. Bard 1982; Geli et al. 1988; Sepúlveda et al. 2005; Lee, Chan, 

et al. 2009; Massa et al. 2010; Torgoev & Havenith 2012). Quantitatively, however, there is 

significant variability in the published data. This variability reflects differences in the 

methodologies used to analyse site effects, in the quality of the analysed data, and the 

variability in the topography and geology of the slopes being investigated. The available 

 
Figure 1.1: The parameters of the earthquake signal at any point are the 

product of the source effects, path effects and site effects. 
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literature thus cannot provide an unambiguous way of quantifying seismic site effects on 

slopes in the Wellington area. 

Numerical simulations are among the most useful tools used for analysing seismic site 

effects and their impact on slope stability. The reliability of the modelling, however, remains 

inconclusive, and depends on the adopted methodology and individual site characteristics. 

While some researchers found a good match between numerical model results and field 

observations (e.g. Assimaki & Jeong (2013)), others have concluded that numerical models 

tend to underpredict the observed site amplification (Geli, et al. 1988; Spudich, et al. 1996; 

Lovati, et al. 2011).  

This research is part of a large research project led by GNS Science. The aim of this 

research project is to quantify the effects that slope geometry, geology (contrasting material 

types and parameters), and the seismic source have on amplifying ground shaking leading to 

slope failure during earthquakes. The project started in Christchurch (e.g. Massey, et al. 

(2016)) in 2012 following the 22 February 2011 MW 6.2 Christchurch Earthquake. The 

Christchurch component of the research was finished in 2015. The Wellington component of 

this research started in 2013 and will continue until 2019. 

This research was, in part, funded by the New Zealand Natural Hazard Research 

Platform (NHRP) project, with additional funding through the It’s Our Fault (IOF) Project 

and through the Ministry of Business, Innovation and Employment (MBIE) funded 

Anthropogenic Slopes Project.  
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1.2. Objectives 

 

Hypothesis: The effects of slope morphology, geology and parameters of earthquake shaking 

on site response can be parametrised for characteristic slopes in the Wellington area.     

 

The goals of this research are to: 

 

 Assess the relative importance of site topography, geology and earthquake parameters 

for the seismic response of slopes in the Wellington area based on analysis of several 

representative hillslopes. 

 

 Test the accuracy of 2D numerical simulations to predict the response of the slope as a 

guide for the future development of seismic stability models in the area.  

 

In order to achieve these goals, the following objectives were defined: 

 

 Select several slopes that are representative of those in the Wellington area and 

characterise them in terms of their topography and geology. 

 

 Deploy seismic arrays on these sites and quantify seismic site effects based on the 

recorded data. 

 

 Undertake parametrical numerical simulations of the sites in order to numerically 

investigate the impact of site topography and geology on the seismic response. 

 

 Compare the observed and modelled characteristics from the individual sites to 

determine area-wide trends. 

 

 Assess the reliability of numerical models to predict how other similar slopes in the 

Wellington area may respond to earthquake shaking, based on comparison of the 

results of the numerical models and the field observations on individual sites. 
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1.3. Thesis structure 

 

Chapter one introduces the background of this research, its goals and organisation structure. 

 

Chapter two provides an overview of the factors contributing to seismic site effects in hilly 

terrain. The most common methods of identification of site effects are introduced, as well as 

the approaches used for their numerical modelling. 

 

Chapter three provides information on the topography and geology in the Wellington area. 

 

Chapter four describes the methods used for conducting this research: the site selection 

criteria, the equipment used for the seismic instrumentation, the methods used for the analysis 

of the seismic data. The methodology used in construction of the numerical models and for 

analysis of their outputs, and approaches used for the model – field data comparison are also 

introduced. 

 

Chapters five to seven present the results from the sites instrumented during this research: the 

Owhiro Bay Quarry (Chapter 5), Breaker Bay Cliff (Chapter 6) and Mitchell Street Ridge 

(Chapter 7). The site topographies and geological conditions are summarised. The details of 

the site seismic monitoring are provided, followed by the analysis of the recorded data. The 

details of the parametric studies are specified and their results are shown. Finally, the 

numerical models are compared with field observations. 

 

Chapter eight provides a partial case study of another site in the area, the Saint Gerard’s 

Monastery. The seismic data from this site were recorded prior to this research, but were 

analysed as part of this thesis. This chapter thus follows the same structure as chapters 5–7 

from the site description to the seismic data analysis. 

 

Chapter nine takes the results from chapters 5–8 and analyses the contribution of each factor, 

such as site topography, geology and earthquake source parameters on the observed seismic 

response to determine characteristic trends. The topographic and geological metrics 

describing the sites are correlated with the amplification parameters and the importance of the 

metrics for use in predictive models is evaluated. 

 

Chapter ten summarises the key findings of this research. At the end of this chapter, 

recommendations for future research are given.  
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Chapter 2: Theoretical background – Seismic site effects 
 

The dynamic response of a topographic feature (slope or ridge) is controlled by 

complex interactions between the site incoming wave field and the site topography and 

geology (e.g. Gilbert & Knopoff 1960; Boore 1972; Ashford, et al. 1997; Sepúlveda, et al. 

2005; Massey, et al. 2016). Site effects can affect all aspects of the seismic shaking: its 

amplitude, frequency content and duration (Davis & West 1973; Kramer 1996; Lee, 

Komatitsch, et al. 2009). In this research, we focus primarily on the first two phenomena, the 

change in the amplitude and the frequency content. The impact of site effects can be 

illustrated by the amplification of peak ground acceleration (PGA), documented in the 

literature (Table 2.1).  

PGA amplification ratio Source 

5 Hall & Alves (2002) 

2.6 Boore, et al. (2004) 

3 Sepúlveda et al. (2005) 

Up to 11 Buech et al. (2010) 

Up to 6 Del Gaudio & Wasowski (2011) 

2–3, locally up to 10 Wood (2013) 

3  in horizontal direction , 2.5 in vertical direction Kaiser et al. (2014) 

3–5 Cauzzi et al. (2015) 

Table 2.1: Summary of the PGA amplification ratios, published in the literature. The PGA amplification ratios vary, 

from most common 2-3 to over 10. The PGA amplification ratios shown in this table were mostly observed during 

weak motion events (the importance of this is discussed in Section 2.2.3.1). 

The seismic response of a slope or ridge is frequency dependent (affecting different 

frequencies of the seismic motion to variable extent),  spatially variable (with both amplitude 

and frequency patterns changing based on the exact location within a site) and often polarised 

(stronger in a particular direction) (e.g. Boore 1972; Kramer 1996). The response can also be 

dependent on the amplitude of the motion, as described in Section 2.2.2.3. 

In general, site response on slopes has been observed to be insensitive to frequencies 

below a certain lower limit, determined by the slope dimensions (Table 2.2). The response at 

frequencies above this lower limit frequently comprises combination of peaks and troughs, 

amplifying / deamplifying various frequencies as the result of interaction of five principal 

mechanisms (see also Section 2.1).  

Seismic site effects affect different parts of slopes in different ways. In addition, the 

horizontal and vertical amplification frequently show different amplification characteristics. 

The horizontal amplification has been mostly observed to be strongest on the tops of slopes 

and ridges, and near convex breaks of slopes (Bard 1982; Tucker, et al. 1984; Geli, et al. 

1988; Sepúlveda, et al. 2005; Nguyen & Gatmiri 2007; Lee, Chan, et al. 2009; Massa, et al. 

2010; Torgoev & Havenith 2012; Kaiser, et al. 2014). Vertical amplification, on the other 

hand, has been frequently recorded to be highest in the central parts of slopes (Huang 2012; 

Liu, et al. 2013). Numerical studies have predicted deamplification at the toes of the slopes 

(Nguyen & Gatmiri 2007), although the field observations of this effect are rare as the most 

commonly used methods cannot clearly isolate this deamplification (see also Section 2.3). 
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Polarisation of seismic site effects, manifested as stronger amplification in a specific 

direction related to the site conditions, is a commonly observed phenomenon. The polarisation 

has been most commonly correlated with the site geometry. In particular, polarisation in the 

direction perpendicular to an elongation or a ridge was frequently noted in the literature 

(Bouchon, et al. 1996; Büch 2008; Pischiutta, et al. 2010; Del Gaudio & Wasowski 2011; 

Lovati, et al. 2011; Panzera, et al. 2011; Hartzell, et al. 2014; Kaiser, et al. 2014). Other 

authors observed polarisation related to bedrock anisotropy (e.g. Luo, et al. 2014) and 

opening of joints caused by ongoing slope deformation (e.g. Burjánek, et al. 2010; Moore, et 

al. 2011). 

The presence of systematic polarisation is thus a strong indicator of the presence of 

site effects. The direction of the polarisation at a particular frequency can also provide 

valuable information on the underlying mechanisms of the site effects. The degree of 

polarisation alone, however, is not always a reliable predictor of the degree of site 

amplification, given that sites in the literature show inconsistent correlations between these 

two parameters (Del Gaudio & Wasowski 2007; Büch 2008; Burjánek, et al. 2014; Kaiser, et 

al. 2014). 

 

 

2.1. Mechanisms of seismic site effects 

Seismic site effects in hilly terrain are the result of multiple key mechanisms (Bard 1982; 

Bouchon, et al. 1996; Luzón, et al. 1997; Faccioli, et al. 2002; Massa, et al. 2014; 

Mohammadi 2015 and others): 

1. Resonance of the topographic feature (on various scales) 

2. Reflection, refraction and conversion of the seismic waves on the surface or on 

the geological boundaries 

3. Scattering of surface waves 

4. Amplitude increase due to impedance contrast  

5. Resonance of the low-velocity layers 

The resonance of a topographic feature, which is the excitation of its natural vibration 

modes by the seismic motion, is principally similar to a resonance of buildings in structural 

engineering. Similarly to buildings, higher resonance modes are in theory possible, although 

few observations can be found in the literature (e.g. Büch (2008), Hartzell, et al. (2014)). 

Lower stiffness of ridges in the direction perpendicular to their elongation makes the 

transverse resonance (Figure 2.1a, b) easier, thus providing one of the mechanisms behind the 

polarisation of the site response (Bouchon, et al. 1996; Büch 2008; Del Gaudio & Wasowski 

2011; Hartzell, et al. 2003 and others). In terrains with complicated morphology, various parts 

of the topographic feature can resonate simultaneously at different frequencies, contributing 

to the complex frequency dependent character of the site response. 
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Figure 2.1: Simplified examples of some of the possible resonance modes of an elongated ridge.  a) and c) show the 

fundamental resonance modes transversal and parallel to the main ridge axis. b) and d) show the first resonance 

modes. e) represents the ‘torsion’ mode. It has to be pointed out that in reality, the combination of these modes occur 

at the same time, with possible contribution of even higher or more complicated resonance modes. These examples are 

based on analysis of building vibration modes by Michel, et al. (2010). 

Wave reflection, refraction and 

conversion (of a body wave into a different 

type of body wave or into a surface wave) 

are phenomena occurring when a seismic 

wave encounters a material with different 

seismic velocity or a free surface (as 

illustrated in Figure 2.3). These phenomena 

contribute to site effects predominantly at 

higher frequencies, corresponding to sub-

topographic wavelengths (wavelengths 

smaller than the scale of topographic 

feature). A specific phenomena caused by 

the wave reflection is the ‘wave trapping’ or 

‘wave guide effect’ (e.g. Shearer (2009)), 

occurring in sharply delimited low-velocity 

layers. Once a wave reaches the layer within 

certain critical angles, it gets repeatedly reflected from its boundaries, becoming effectively 

‘trapped’ and thus increasing the shaking within the layer. The interference of the reflected, 

refracted and converted waves can create highly spatially localised areas of high 

amplification, as illustrated in Figure 2.2 (Pedersen, et al. 1994; Rodgers, et al. 2010). The 

refraction pattern is highly sensitive to the incidence angle of the incoming waves (Bard 1982; 

Tsaur & Chang 2009). The wave reflection, refraction and conversion provide way of 

Figure 2.2: Illustration of the interference of diffracted 

waves on a concave topography. The plot shows the 

amplitude of maximum displacement, as calculated by 

Tsaur & Chang (2009) . 
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transferring energy between the horizontal and vertical components of shaking. The vertical 

motion generated from the horizontal motion this way can reach up to the same magnitude as 

the horizontal motion inducing it (Bouckovalas & Papadimitriou 2005; Jeong 2013).  

Scattering of surface waves 

(generated either outside of the site, 

or on the site though the 

aforementioned wave conversion) by 

irregular topography have been noted 

to occur at frequencies corresponding 

to sub-topographic wavelengths 

(wavelengths smaller than the 

topography dimensions) (Lee, Chan, 

et al. 2009). This scattering can 

produce highly localised zones of 

amplification both on the 

topographic feature itself and in in 

the surrounding area (Lee, Chan, et 

al. 2009). 

When a seismic wave passes through a boundary between two materials with different 

seismic impedance, the amplitude of the wave changes (Shearer & Orcutt 1987). The 

‘impedance’ I of the material can be calculated as: 

 𝐼 =  𝜌 ∗ 𝑉 (2.1) 

where ρ is the material density and V is the wave velocity in the material (Shearer & 

Orcutt 1987). In an ideal case, this change of amplitude due to the difference in seismic 

velocities and densities can be described by following equation (Shearer & Orcutt 1987): 

 
𝐴2 =  𝐴1 (

𝜌1𝑉1

𝜌2𝑉2
)

1/2

 
(2.2) 

where A1 and A2 are the wave amplitudes in the first and second layer and ρ and V represents 

the bulk densities and seismic velocities in the corresponding layers. This equation is, 

however, valid only in an idealized case when no energy is reflected on the boundary. In the 

case of a high impedance contrast or higher incidence angle, a significant part of energy is 

always reflected (Shearer & Orcutt 1987).  

Resonance of the low-velocity layers, similar to the resonance of the topographic 

feature, comprises excitation of the natural vibration frequency of the low-velocity layer by 

the seismic motion. The basic equation describing resonance of a single homogeneous low-

velocity layer is:  

 
𝑓𝑛 =

(2 ∗ 𝑛 + 1) ∗ 𝑉𝑠

4 ∗ 𝐻
 

(2.3) 

where fn represents the nth resonance mode (fundamental resonance mode is represented by 

f0), Vs is the shear wave velocity and H is the thickness of the low-velocity layer (Régnier, et 

al. 2013).  

 

Figure 2.3: Illustration of the reflection and conversion of a 

vertical SV wave on a simple slope. Bouckovalas & Papadimitriou 

(2005) 
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2.2. Factors affecting seismic site effects 

The mechanisms described in Section 2.1 are controlled by various aspects of site 

topography and geology, and by properties of the incoming seismic wave field: 

 Site topography 

o Dimensions of the topographic feature 

o Morphology (shape) of the topographic feature 

o Presence of nearby topographic features 

 Site geology 

o Velocity structure of the site  

o Structure of the rock mass 

o Nonlinear behaviour of the materials 

 Properties of incoming wave field 

o Signal spectrum and amplitude 

o Signal incidence angle and source backazimuth 

Although the impact of these factors have been frequently analysed separately in the 

literature, their effects are inherently coupled (Assimaki & Jeong 2013; Tripe, et al. 2013; 

Hailemikael, et al. 2014; Rizzitano, et al. 2014; Zhang, et al. 2016). 

 

 

2.2.1. Effects of the site topography 

 Although the effects of the topography have been analysed theoretically, the 

importance of the pure topographic effects for the amplification observed in the field remains 

a subject of a debate. Harp & Jibson (2002)  and Cauzzi, et al. (2015) provided support for the 

importance of the topographic effects in the field and the pure topographic effects have been 

observed in numerical models (Bard 1982; Tsaur & Chang 2009; Welkner et al. 2010 and 

many others). Massa, et al. (2014) also gathered statistical evidence from the literature for the 

importance of the topographic site effects. On the other hand Burjánek, et al. (2014) carried 

out a statistical analysis of the archive data and concluded that the effects of the surface 

geometry were insignificant compared to the effects of site geology. Kaiser, et al. (2014) 

concluded that while the topographic effects dominate at wavelengths comparable to the 

dimensions of the topographic feature, the geological effects become more important at 

higher frequencies. 

 

 

2.2.1.1. Effects of the dimensions of the site 

The dimensions of a topographic feature have been shown to directly affect the 

frequencies of both topographic resonance (Point 1 in Section 2.12.2) and wave scattering 

effects (Point 2 in Section 2.1) (e.g. Bard 1982; Geli, et al. 1988; Ashford, et al. 1997; 

Bouckovalas & Papadimitriou 2005; Gischig 2011; Jeong 2013; Kaiser, et al. 2014). While 

some authors observed correlation also between the amount of amplification and the slope 

dimensions (Bard 1982), others argued against this (e.g. Jeong (2013)). The dimensions of the 



10 

 

topographic feature have been mostly compared against the wavelength (λ) rather than 

frequency (f) of amplification. These are inherently linked through relationship: 

 
λ =

𝑉

𝑓
 (2.4) 

where V is the wave velocity in the media and can thus vary from site-to-site.  

 In the literature, topographic dimensions (width or height) have been compared with 

the minimum wavelength at which the topographic effects become ‘significant’ (Bard 1982; 

Bouckovalas & Papadimitriou 2005 and others), with the wavelengths of the fundamental 

resonance frequency (e.g. Paolucci & Faccioli 2003; Massa, et al. 2014) and with the 

wavelength of maximum amplification (e.g. Bard 1982; Ashford, et al. 1997; Büch 2008). 

Table 2.2 gives some of the relationship between the aforementioned wavelengths (calculated 

in the horizontal direction and for a point on the crest of a slope or ridge) and slope 

dimensions, as shown in the literature. 

Source 
Minimum significant 

wavelength 

Fundamental 

resonance 

wavelength 

Wavelength of 

maximum 

amplification 

Ashford, et al. (1997)   ~ 5 * H 

Bard (1982) > 4 * W 
 

~ W 

Bouckovalas & 

Papadimitriou (2005) 
> 6.25 * H 

  

Büch (2008) 
  

~ 0.5 * W, ~ H 

Massa, et al. (2014) and 

authors cited herein 
 ~ 0.9 * W, ~4 * H  

Paolucci (2002) 
 

= 1.42 * W (SH) 

= 1–1.42 * W (SV)  

Table 2.2: Relationship between the minimum wavelength on which the effects of topography become significant, the 

wavelength of the fundamental resonance frequency and the wavelength of the maximum amplification, and the 

height (H) or width (W) of the topographic feature, as described in the literature. Paolucci (2002) analysed the 

fundamental resonance independently for out-of-plane wave (SH) and in-plane wave (SV). Massa, et al. (2014) in their 

paper correlated the results from available literature with the fundamental resonance frequency. We have used the 

data Massa, et al. (2014) compiled, but correlated the slope dimensions with the wavelength instead. 
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2.2.1.2. Effects of morphology of the site 

The morphology (shape) of a topographic feature has been mostly observed to affect 

the site resonance, wave reflection, refraction and conversion and surface wave scattering 

(Points 1–3 in Section 2.1). Specifically, site effects have been mostly correlated with: 

 Slope angle, or the directly related parameter of ‘Slope shape ratio’, defined as the 

ratio between slope height and slope length (Geli, et al. 1988) 

 Slope curvature on various scales (Maufroy, et al. 2015; Torgoev & Havenith 2016) 

 Topography type (Oskirko 2010; Gischig, et al. 2015; Mohammadi 2015) 

There is no overall agreement on how the effects of the slope angle affect the site 

response. While Ashford, et al. (1997), Bouckovalas & Papadimitriou (2005), Rizzitano, et al. 

(2014) and others concluded that both horizontal and vertical amplification on the slope crest 

increases with increasing slope angle (Figure 2.4), Geli, et al. (1988) and Lenti & Martino 

(2013) observed the opposite relationship. Geli, et al. (1988) correlated the site amplification 

parameters with the shape ratio. Massa, et al. (2014), however, analysed the available 

literature sources and found at most poor systematic correlation between the shape ratio and 

the total amplification.  

 
Figure 2.4: Comparison of horizontal amplification (Ah) on the crest of a slope and the ratio between the slope height 

(H) and the considered wavelength (λ) for various slope angles (i). Ashford, et al. (1997) and Rizzitano, et al. (2014) in 

Rizzitano, et al. (2014). 

Multiple authors observed increased amplification near the concave topographic 

features such as breaks of slopes (e.g. Torgoev & Havenith 2012; Kaiser, et al. 2014). 

Torgoev & Havenith (2012), Maufroy, et al. (2015) and Torgoev & Havenith (2016) showed 

that, at least in the conditions of purely homogeneous numerical models, a surface curvature 

correlates well with the horizontal amplification of Arias intensity (Torgoev & Havenith 

2012; Torgoev & Havenith 2016) and peak ground velocity (Maufroy, et al. 2015). 
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Another aspect of site topography affecting the seismic response is the ‘topography 

type’. In cross-section, the basic types of topographies are illustrated in Figure 2.5: ‘ridge-

like’ (comprising two slopes, connected at a single crest), ‘dam-like’ (comprising two slopes 

not in direct contact, but within with zones of their site effects overlapping) or ‘slope-like’ 

(comprising a single slope) (Gischig, et al. 2015; Mohammadi 2015). Gischig, et al. (2015) 

showed that the theoretical amplification at the fundamental resonance frequency is 

approximately 1.7 times larger in the ridge-type topography compared to the slope-like 

topography. In three dimensions, the typology of possible topographic types becomes 

significantly more complex (Oskirko 2010; Mohammadi 2015). 

 
Figure 2.5: Three basic ‘topographic types’, as described by Mohammadi (2015). a) ‘ridge-like’, b) ‘dam-like’, c) 

‘slope-like’. 

 

 

2.2.1.3. Effects of nearby topographic feature 

The seismic response of a topographic feature can be affected also by the character of 

the surrounding topography (Geli, et al. 1988; Lee, Komatitsch, et al. 2009). Geli, et al. 

(1988) compared 2D models of a single ridge with models of a series of ridges and concluded 

that a sequence of ridges increased both amplification on the ridge tops and deamplification at 

the ridge toes, particularly for the central ridges. The apparent amplification (calculated with 

respect to the base of the hill) on the top of a central ridge in a sequence was up to 1.4 times 

higher (3.5 compared to 2.5) than on the top of an isolated ridge (Geli, et al. 1988). The ridges 

at the sides of the sequence were less affected. Bouchon, et al. (1996) and Lee, Komatitsch, et 

al. (2009) noted that a ridge can significantly alter the wave field in the surrounding area 

through scattering and interference of the surface waves (Points 3 in Section 2.2). The pattern 

of the scattering was observed to be strongly dependent on the wave incidence angle and 

source backazimuth (Lee, Chan, et al. 2009). 

 

 

2.2.2. Effects of the site geology 

 The geological site effects have been frequently found to contribute to the seismic site 

response more than the topographic site effects (Havenith, et al. 2002; Havenith, et al. 2003; 

Tripe, et al. 2013; Burjánek, et al. 2014), in particular on sub-topographic wavelengths 

(Kaiser, et al. 2014).  

 

 

2.2.2.1. Effect of the velocity structure  

The seismic velocity (and corresponding impedance) structure of a topographic feature 

has been shown to affect the site response primarily through the mechanisms of the wave 

scattering (Point 2 in Section 2.1), amplitude increase due to the impedance contrast (Point 4 
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in Section 2.1) and resonance of the low-velocity layers (Point 5 in Section 2.1) (e.g. Kramer 

1996; Assimaki, et al. 2005; Shearer 2009). In this chapter we use the term ‘layers’ for the 

description of the low-velocity bodies, as it is the most common case encountered in nature, 

but the same rules apply to low-velocity structures of any shape (e.g. wedge-shaped manmade 

fill or scree cones et cetera). 

The intensity of shaking within a low-velocity layer is increased due to the impedance 

contrast, layer resonance and possibly wave trapping, but can be decreased due to increased 

damping, usually associated with low-velocity materials (Section 2.1). In the majority of the 

cases, a low-velocity layer amplifies the shaking (Taber & Luo 1995; Adams 2000; Havenith, 

et al. 2003; Wartman, et al. 2003; Molnar, et al. 2004; Assimaki, et al. 2005; Ferretti, et al. 

2007; Lednická & Kaláb 2016). In cases where the low-velocity layers overlying bedrock are 

relatively thin (such as sites overlaid by 1–3 meters of soil, as analysed by Molnar, et al. 

(2004)), the effects have been mostly observed to be negligible. 

 During a dynamic load, the velocity structure might dynamically change because of 

the nonlinear behaviour of the material (Section 2.2.2.3). 

 

 

2.2.2.2. Effect of the rock mass structure 

 The rock mass structure, that is its joining, bedding and presence of large-scale 

defects, affects the site response through several mechanisms: 

1. Material anisotropy 

2. Formation of new cracks and opening of the existing ones during seismic shaking 

3. Presence of large faults, representing persistent low-velocity zones 

Anisotropy of rock mass can be caused by systematic rock mass fracturing (Carter & 

Kendall 2006), bedding (Huang 2012) and the stress regime (Kramer 1996). The anisotropy 

has been reported to both contribute to the site polarisation (Del Gaudio & Wasowski 2007; 

Luo, et al. 2014; Panzera, et al. 2014; Pischiutta, et al. 2015) and to affect the spatial 

distribution of the site amplification (Huang 2012).  

 Formation of new tension cracks, or opening of the already existing ones, has been 

inferred to contribute to the site response for instance by Moore, et al. (2011), Burjánek, et al. 

(2014) and Gischig, et al. (2015). Moore, et al. (2011) and Burjánek, et al. (2014) concluded 

that the opened joins controlled the polarisation of the site response due to the resonance of 

blocks separated by the opened joints. Szanyi, et al. (2016) reported a decrease of seismic 

velocities caused by tension cracks of an ongoing slope movement. Gischig, et al. (2015) 

noted that the formation of new joints during strong shaking created highly localised areas of 

strong amplification in the slope.  

 Faults commonly represent persistent low-velocity structures within the rock mass due 

to the presence of fault gauge within the faults and zones of intensive fracturing in their 

vicinity. As such, the faults can serve as ‘wave guides’ due to wave trapping within the low-

velocity zone (e.g. Li, et al. (1997), Cultrera, et al. (2003), Martino, et al. (2006), Eccles, et al. 

(2015)), and can change or create the material anisotropy in their vicinity (Panzera, et al. 

2014). The wave guide effect has been determined to affect mainly the polarisation in the 

vicinity of a fault for seismic sources lying in the direction of the fault strike. However, 
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Cultrera, et al. (2003) observed polarisation in the direction parallel to the fault strike, while 

Martino, et al. (2006) observed polarisation in the perpendicular direction. Faults have been 

also associated with more complex phenomena such as lateral variation in attenuation of 

higher frequencies and alteration of the vibration mode of a ridge because of waves reflected 

from the fault (Spudich, et al. 1996). 

 

 

2.2.2.3. Effects of nonlinear behaviour of materials 

Real geological materials often show nonlinear behaviour—dependence of properties 

(typically of the elastic moduli and material damping) on the level of strain or stress (Kramer 

1996). This is true not just for soil (e.g. Vucetic (1994)), but also for rock (Mashinskii 2005; 

Choi 2008 and others). In this section, we focus mainly on the nonlinearity of rock, as the 

sites analysed during this research comprised predominantly bedrock. Typically, the material 

shows two or three stages of behaviour as its strain increases (Kramer 1996; Zertsalov & 

Sakaniya 1997): 

1. Strain hardening (this stage might not always be present) 

2. Approximately linear behaviour 

3. Strain softening 

Low-strain hardening of rock mass has been observed for instance by Zertsalov & 

Sakaniya (1997). The hardening has been mostly attributed to the fact that on very low 

strains, the rock mass behaviour is controlled by the opening and closing of joints, inherent to 

the rock mass, rather than by the behaviour of the rock itself. Consequently, the initial low-

strain shear modulus can be lower than that of the intact rock and as the strain increases, the 

rock mass ‘hardens’ and reaches the parameters of the intact rock (Zertsalov & Sakaniya 

1997). The effects of joints have been shown to depend on overburden stress (with their 

effects being less profound for higher overburden stress, (Mohd-Nordin, et al. 2014; Fan & 

Sun 2015)), joint roughness and opening (Mohd-Nordin, et al. 2014; Li, et al. 2016) and 

relative angle between the joints and the seismic motion (Sebastian & Sitharam 2015). 

 Large-strain softening is a well-known property of both rock and rock mass, and has 

been observed by many authors (Schnabel, et al. 1972; Ostrovsky & Johnson 2001; 

Mashinskii 2005; Bozzano, et al. 2008; Choi 2008 and others). In the rock mass, the large-

strain nonlinearity of intact rock (Schnabel, et al. 1972; Choi 2008) can be accompanied by a 

complex large-strain behaviour of joints (Hsiung, et al. 1993; Hsiung, et al. 1994; Ghosh, et 

al. 1996; Fan & Sun 2015). 

 During strong seismic motion, the nonlinear behaviour driven by the dynamic loading 

produces a series of coupled, but sometimes counteracting mechanisms (e.g. Régnier, et al. 

2013; Liu, et al. 2014; Rizzitano, et al. 2014): 

 Increase of impedance contrast in some areas, causing an increase in the amplitude of 

shaking 

 Increase in material damping due to different loading and unloading paths (Figure 

2.6), causing a decrease of the amplitude of shaking in the area 

 Decrease of material seismic velocity, causing a shift of the resonance frequencies 
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The  combined effect of these mechanisms has been mostly observed to decrease the 

site amplification during strong shaking (e.g. Oskirko 2010; Satoh, et al. 2014), although the 

pattern of spatial distribution and frequency dependence can be quite complex, dependent on 

the conditions of individual site and variable in time. 

 

 

2.2.3. Effects of the parameters of the incoming earthquake signal 
 The impact of site effects can be strongly affected by the parameters of the incoming 

earthquake signal: the amplitude and spectral composition of the incoming signal, the 

incidence angle (the angle between the incoming wave and vertical) and the source 

backazimuth (the azimuth from a site to earthquake epicentre). 

 

 

2.2.3.1. Effect of the earthquake signal spectrum and amplitude 

The amplitude and spectral shape of an incoming earthquake signal can affect the site 

response in three principal ways: 

 The amplitude of the incoming earthquake signal can affect the mechanical properties 

of a material by triggering nonlinear behaviour (Section 2.2.2.3) 

 The spectral shape of the incoming earthquake signal is one of the key factors 

affecting the amplification of PGA and Arias intensity 

 The spectrum of the incoming earthquake signal in the horizontal direction affects the 

amplification in the vertical direction and vice versa 

The amplitude of earthquake shaking controls the amount of strain the material 

experiences during an earthquake. As discussed in Section 2.2.2.3, the mechanical properties 

of  real geological materials, most typically the Young modulus, Shear modulus and damping 

ratio, are strain-dependent (Kramer 1996). The amplitude of earthquake shaking is thus 

among the key factors triggering the low-strain or large-strain nonlinear behaviour of the 

material. 

The spectral shape of the incoming earthquake signal affects both the amplification of 

PGA and Arias intensity and its spatial distribution. Both of these parameters (as well as the 

peak ground velocity and displacement) are the product of an earthquake signal, altered by the 

frequency-dependent and spatially variable amplification pattern of the site response (Kramer 

1996; Lee, Chan, et al. 2009; Torgoev & Havenith 2016). The amplification of PGA and 

Arias intensity increases when frequencies amplified by the site response coincide with 

frequencies where the seismic signal has large amplitudes. Wartman, et al. (2003) defined the 

parameter ‘Tuning Ratio’ as ‘the ratio of the predominant frequency of the input motion to the 

natural frequency of the soil column’ (Wartman, et al. 2003, p.677) and correlated it with the 

displacement observed during shaking. As the result, the response of a slope can be 

significantly different during earthquakes of different magnitudes, even if the amplitude of 

shaking is similar (e.g. Kaiser, et al. 2014). Local, low-magnitude earthquakes carry most of 

the energy at high frequencies and site effects are, therefore, dominated by localised high-

frequency mechanisms such as resonance of low-velocity layers or interface of reflected or 
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converted waves. Large-magnitude earthquakes, on the other hand, generate significant 

amount of energy at lower frequencies. Site effects associated with low-frequency 

mechanisms (i.e. fundamental resonance) can, therefore, become important during large-

magnitude earthquakes (Kaiser, et al. 2014). 

 Finally, the spectrum of an earthquake signal in the horizontal direction can affect the 

amplification in the vertical direction and vice versa. The wave reflection, refraction and 

conversion provide a mechanism for a transfer of energy between the horizontal and vertical 

components of the earthquake motion (e.g. Bouckovalas & Papadimitriou (2005), Parolai, et 

al. (2010)). The larger the amplitude of the incoming signal in one direction relative to the 

other, the larger the amplification in the other direction(s) (Paolucci 1999). 

 

 

2.2.3.2. Effects of the incidence angle and source backazimuth 

 Incidence angle can affect both the magnitude and the spatial distribution of 

amplification (Gazetas & Dakoulas 1992; Pedersen, et al. 1994). The magnitude of seismic 

amplification has been mostly reported to decrease as the incidence angle increases (Bard 

1982; Ashford & Sitar 1997; Massa, et al. 2014; Mohammadi 2015). Ashford & Sitar (1997) 

pointed out that the incidence angle can influence topographic effects and geological effects 

in different way. 

The effects of source backazimuth have been observed by multiple authors, although 

their results are in some aspects inconsistent. Hartzell, et al. (2014) and Hartzell, et al. (2016) 

observed increased amplification for the seismic events with backazimuth in the direction of 

the elongation of a ridge. Massa, et al. (2014) reported the highest amplification for events 

lying in the direction perpendicular to the ridge orientation. 

The effects of the source backazimuth have been mostly observed to be strongest for 

local earthquakes (Bard & Tucker 1985; Massa, et al. 2010, J Wartman (2015, pers.comm., 3 

October)), although the maximum distance for which the effects have been observed varied 

(Massa, et al. (2010): 30 km ; J Wartman (2015, pers.comm., 3 October): 15 km). 

 Kaiser, et al. (2014) stated that on their sites, the impact of the source backazimuth 

was lower than the effect of topography and geology. 
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2.3. Methods of identifying seismic amplification 

 Multiple methods for identification of seismic site effects in the field have been 

proposed over time. The two most commonly used are referred to as the Standard Spectral 

Ratios (SSR) and Horizontal to Vertical Spectral Ratios (HVSR). The following sections 

introduce the principles of both methods, as well as their applicability and limitations in a 

hilly terrain. In addition, some of the other methods proposed in the literature are briefly 

mentioned. There is still ongoing discussion over the optimal methodology for identification 

of seismic site effects. Both SSR and HVSR have their advantages, but also inherent flaws, 

whose impact on the observation strongly depends on the site conditions and setup of the 

seismic arrays. The situation is complicated by the fact that there is no fully reliable 

‘benchmark’ method for measuring site effects. The HVSR and SSR can be compared either 

with each other, or with analytical solutions, numerical models or small scale shake table 

models. Each of the later methods, however, has its own issues.  

 

 

2.3.1. Standard Spectral Ratios 

The character of ground movement (Gm) on any site is the result of superimposed 

source effects (Se), path effects (Pe) and local site effects (Le) (Steidl, et al. 1996):  

 𝐺𝑚 = 𝑆𝑒 ∗ 𝑃𝑒 ∗ 𝐿𝑒 (2.5) 

The method of Standard Spectral Ratio (also referred to as ‘site-to-reference spectral ratios’ in 

the literature) is based on the comparison of the investigated sites with an ‘ideal’ reference 

site in their vicinity, which is not affected by site effects (Le), but which shares the source 

(Se) and path effects (Pe) with the investigated sites. By dividing the Fourier amplitude  

spectrum on the investigated site by the spectrum on the reference site, site effects shall be 

isolated (Steidl, et al. 1996): 

 𝐺𝑚𝑠𝑖𝑡𝑒

𝐺𝑚𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑖𝑡𝑒
=  

𝑆𝑒𝑠𝑖𝑡𝑒 ∗ 𝑃𝑒𝑠𝑖𝑡𝑒 ∗ 𝐿𝑒𝑠𝑖𝑡𝑒

𝑆𝑒𝑠𝑖𝑡𝑒 ∗ 𝑃𝑒𝑠𝑖𝑡𝑒
= 𝐿𝑒𝑠𝑖𝑡𝑒  (2.6) 

 This method has been successfully used by many authors (e.g. Borcherdt 1970; Geli et 

al. 1988; Steidl et al. 1996; Cadet et al. 2010; Régnier et al. 2013; Kaiser et al. 2014; Massa et 

al. 2014).  

An intrinsic weakness of this method lies in its reliance on the ‘ideal’ reference site. 

Although in some cases such sites can be found (Büch 2008), often this remains problematic. 

The reference site is commonly chosen at the toe of the investigated topographic feature or on 

its lower flanks (Martino, et al. 2006; Kaiser, et al. 2014). In these areas, however, 

deamplification has been observed (Geli, et al. 1988; Nguyen & Gatmiri 2007). The SSR, 

calculated with respect to such a deamplified site, might thus be distorted and artificially 

increased (Geli, et al. 1988). Other authors have proposed installation of the reference station 

into a borehole, in order to eliminate both topographic and geological effects (Steidl, et al. 

1996; Benites & Caldwell 2011). Although the use of borehole reference site has been 

recommended by some authors (e.g. Tsuboi, et al. 2001), others concluded that the 

underground seismographs (installed either in a borehole or in a tunnel) tend to be strongly 

affected by the interferences between the upcoming waves and the downward propagating 
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waves reflected from the surface (Tucker, et al. 1984; Parolai, et al. 2007; Oth, et al. 2011; 

Régnier, et al. 2013). In addition, the requirement for a borehole often either limits the choice 

of the investigated site, or increases the cost of the research by drilling a new borehole. 

 

 

2.3.2. Horizontal to vertical spectral ratios 

 The method of Horizontal to Vertical Spectral Ratios (other names are occasionally 

used in the literature as well) was originally proposed by Nogoshi & Igarashi (1971) and 

further developed by Nakamura (1989) as a tool for estimating seismic response of low-

velocity layers overlying bedrock from records of seismic microtremors (Guéguen, et al. 

2007). Using multiple assumptions (such as that the amplitude of the horizontal and vertical 

motion at the base of the layer is the same), Nakamura (1989) argued that the seismic site 

effects can be isolated by dividing the Fourier amplitude spectra of the horizontal components 

from a station by the spectrum of the vertical component from the same station. Lermo & 

Chávez-García (1993) applied the method of HVSR on the s-wave windows from the 

recorded earthquakes and concluded that the method provided reasonable results ‘where site 

amplification is caused by a relatively simple local geology or topography’ (Lermo & 

Chávez-García 1993, p.1593). Since then, the HVSR has been applied on the earthquake 

signal windows by many authors (e.g. Chávez-García et al. (1996)). 

The use of a signal from a single seismic station means there is no requirement for an 

‘ideal’ reference station and that this method can be used even where only a single station is 

available. Unlike SSR, HVSR has been frequently used for analysis of seismic noise, which is 

always present. The fact that the HVSR can be used for any array (disregarding its size or 

setup) and that the results can be reliably obtained (in case of the analysis of the ambient 

noise) after very short time are two major advantages of HVSR over the SSR. 

 The reliability of HVSR in a hilly terrain has been subject of a debate, however. While 

some authors found HVSR to produce satisfactory results in a hilly terrain (Chávez-García, et 

al. 1996; Martino, et al. 2006; Burjánek, et al. 2010; Panzera, et al. 2011; Burjánek, et al. 

2014), others questioned its use (e.g. Del Gaudio & Wasowski 2007; Massa et al. 2010; 

Hartzell et al. 2014). In the field, the amplification of the vertical component of seismic 

shaking was often observed (for the reasons described in Section 2.1) (Xu, et al. 2012; Jeong 

2013; Luo, et al. 2014). This amplification of the reference spectrum can then distort the 

results of HVSR in a similar way to the amplification at the reference station distorting the 

results of SSR (Section 2.3.1).  

It was often concluded that the HVSR is applicable for identification of the 

fundamental resonance frequency of a topographic feature, but its results are unreliable at 

higher frequencies (corresponding to sub-topographic wavelengths) (Havenith, et al. 2002; 

Parolai, et al. 2010; Hartzell, et al. 2014; Kaiser, et al. 2014). 
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2.3.3. Other methods  

 While the SSR and HVSR remain the most frequently used methods in the literature, 

many others have been proposed. 

Paolucci (1999) modified the SSR method by including the conversions between the 

horizontal and vertical earthquake spectra (Section 2.2.3.1) into the calculation. In their 

method, the SSR are represented as a 3 x 3 matrix of transfer functions. However, the method 

still relies on the assumption of an ‘ideal’ reference station (Benites & Caldwell 2011).  

The Median Reference Method (MRM) has been formulated by Wilson & Pavlis 

(2000) and further developed by Poppeliers & Pavlis (2002). This method is based on the 

comparison of the earthquake spectrum from each station with the mean spectrum, calculated 

from all stations in the seismic array. Maufroy, et al. (2012) reported robustness of this 

method for arrays with 8 or more stations and the method was used by Wood (2013) and 

Maufroy, et al. (2015).  

 

 

2.4. Numerical modelling of seismic site effects 

 Numerical modelling of seismic site effects on hills and ridges has been conducted in 

the past by numerous authors. Most commonly, the 2D approximation was used  (e.g. Boore 

1972; Bard 1982; Bard & Tucker 1985; Geli, et al. 1988; Ashford & Sitar 1997; Havenith, et 

al. 2002; Havenith, et al. 2003; Bouckovalas & Papadimitriou 2005; Nguyen & Gatmiri 2007; 

Tsaur & Chang 2009; Oskirko 2010; Pischiutta, et al. 2010; Lenti & Martino 2012; Torgoev 

& Havenith 2012; Jeong 2013; Lenti & Martino 2013; Tripe, et al. 2013; Hailemikael, et al. 

2014; Rizzitano, et al. 2014; Zhang, et al. 2016; Massey, et al. 2016; Torgoev & Havenith 

2016). However, an increase in commonly available computation power, together with the 

development of suitable numerical formulation, has led to more frequent use of 3D models in 

the recent years (Havenith, et al. 2002; Havenith, et al. 2003; Lee, Chan, et al. 2009; Lee, 

Komatitsch, et al. 2009; Lovati, et al. 2011; Hartzell, et al. 2014; Cauzzi, et al. 2015; 

Mohammadi 2015; Hartzell, et al. 2016). 

 Two main types of methods are commonly used. The first group, which is not 

‘numerical modelling’ sensu stricto, includes analytical and semi-analytical methods. These 

methods use closed-form equations to describe the investigated problems. While these 

methods have the advantage of simplicity and stability of the solutions, they can be mostly 

used for solving only highly simplified problems. The analytical and semi-analytical methods 

have been used for instance by Bard & Tucker (1985), Bouchon, et al. (1996) and Fu (2005). 

 The second group includes the numerical methods, which use iterative approach to 

solve combinations of differential equations. These method, while computationally more 

demanding than the analytical methods, can be used for solving complex problems. Two main 

types of numerical methods are commonly used for modelling of seismic site effects: The 

finite element methods (Havenith, et al. 2003; Jeong 2013; Tripe, et al. 2013; Rizzitano, et al. 

2014; Zhang, et al. 2016); and the finite difference methods (Boore 1972; Oskirko 2010; Lenti 

& Martino 2012; Torgoev & Havenith 2012; Lenti & Martino 2013; Hailemikael, et al. 2014; 

Gischig, et al. 2015; Torgoev & Havenith 2016). Discrete element methods form a third major 

category of numerical models, but although powerful in their ability to model failure of a 
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material, their complexity and computational demands makes their use worthy only when the 

seismic stability is the primary focus of the research (e.g. He, et al. 2010).  

 The ability (or inability) of numerical models to reliably predict the site effects 

observed in the field remains a subject of a debate. Numerous authors have compared the 

models with direct observations, using mostly the SSR and/or HVSR methods (which 

themselves, however, have their inherent issues, as described in Section 2.3). Some authors 

concluded that the numerical models tend to underestimate the amplitudes of the 

amplification (Geli, et al. 1988; Spudich, et al. 1996; Lovati, et al. 2011), while others have 

found a good agreement between the numerical models and the field observations (Pedersen, 

et al. 1994; Assimaki & Jeong 2013; Hartzell, et al. 2014).  

 

 

2.5. FLAC 2D – Theoretical background of the dynamic functioning 

In this research we have used the Fast Lagrangian Analysis of Continua FLAC 2D 

(Itasca Consulting Group Inc. 2008; Itasca Consulting Group Inc. 2011) as our primary 

modelling tool (the reasons for this choice are described in Section 4.6.1). This section 

focuses on certain key aspects of the dynamic functioning of this program: implementation of 

material damping (Section 2.5.1), dynamic boundary conditions (Section 2.5.2) and the issue 

of mesh resolution (Section 2.5.3).  

 

 

2.5.1. Damping 

Damping represents one way of energy dissipation in the numerical model. In FLAC 

2D, three damping models have been implemented: Local damping, Hysteretic damping and 

Rayleigh damping. 

 

 

2.5.1.1. Local damping 

Local damping in FLAC 2D changes the mass of each element during the seismic 

oscillation (mass is added when the velocity changes sign and subtracted when it passes the 

maximum or minimum point) (Itasca Consulting Group Inc. 2011). The energy is thus 

removed twice per an oscillation cycle of the velocity. Local damping is frequency-

independent and defined by only one parameter (fraction of critical damping, L). However for 

more complicated waveforms local damping underdamps the high frequencies and can induce 

high frequency noise (Itasca Consulting Group Inc. 2008; Itasca Consulting Group Inc. 2011). 

This was confirmed by Mánica, et al. (2014), who concluded that the models with applied 

local damping actually shown larger accelerations than undamped models, probably due to 

the high-frequency noise. 
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2.5.1.2. Hysteretic damping 

Damping that naturally occurs during a seismic load in geological materials is largely 

hysteretic in character (Itasca Consulting Group Inc. 2008; Mánica, et al. 2014). The damping 

is a natural result of nonlinear (hysteretic) behaviour of the material (described in Section 

2.2.2.3).  During seismic load, energy naturally dissipates every cycle as the consequence of 

different loading and unloading paths (Figure 2.6). 

 
Figure 2.6: Dissipation of energy, arising from the hysteretic behaviour of the material. The green arrows highlight 

the loading path of a material during a single cycle. The dissipated energy corresponds to the area between the 

loading and unloading curves (AL, highlighted in grey). The maximum retained strain energy is represented by the 

triangular area AT. The material damping ratio (D) measures the proportion of energy dissipated during the cycle. It 

can be calculated as D = AL / (4  AT). Modified from Darendeli (2001). 

Among the advantages of the hysteretic damping is that it provides a simple way of 

including nonlinearity into the model and also that the hysteretic behaviour occurs naturally in 

geological materials (Strenk & Wartman 2011). The main disadvantage of the hysteretic 

damping remains that in order to produce accurate results, a thorough calibration is required 

(Itasca Consulting Group Inc. 2008; Mánica, et al. 2014). In addition, as the hysteretic 

damping is a natural result of nonlinear behaviour, the damping is not active during low 

strains, typically associated with high-frequency numeric noise. Due to the complexity of its 

formulation, the hysteretic damping can also be hard to control (Mánica, et al. 2014). 
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2.5.1.3. Rayleigh damping 

 Rayleigh damping is expressed in a matrix form as a sum of two independent 

components — the Stiffness proportional and the Mass proportional: 

 𝐶 =   ∗ 𝑀 +   ∗ 𝐾 (2.7) 

where C is the damping matrix,  is the mass-proportional damping constant,  is the 

stiffness-proportional damping constant and M and K are the mass and stiffness matrix, 

respectively (Figure 2.7). Although both components are frequency-dependent, a range of 

frequencies for which the sum of the two components is frequency independent can be found. 

 
Figure 2.7: Relationship between the normalized critical damping ratio (i/min) and the angular frequency (i) for the 

mass-proportional ( = 0), stiffness proportional ( = 0) and resulting total damping. Mánica, et al. (2014). 

In FLAC, Rayleigh damping is defined by two parameters, fmin and min. fmin represents 

the frequency (in Hz) for which the total Rayleigh damping reaches its minimum and min 

represents the minimum fraction of critical damping, applied on fmin. 

 The Rayleigh damping has multiple disadvantages. The frequency-dependent aspect of 

the Rayleigh damping is a complicating factor for the model design and is also a numerical 

tool rather than a real phenomenon encountered in geological materials (M Taiebat, 2015, 

pers.comm, 1 June). The implementation of the stiffness-proportional damping also requires 

reduction of the dynamic time step, thus increasing the computation time of the models 

(Itasca Consulting Group Inc. 2008; Mánica, et al. 2014). In addition, the mass-proportional 

part of the Rayleigh damping can inhibit yield and thus should be avoided in combination 

with constitutive models which include yield. 

 On the other hand, of all the available damping implementations, the Rayleigh 

damping is the only damping available in FLAC which allows for reduction of the high-
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frequency low-amplitude numerical noise. Thus, the low amounts (0.2%) of Rayleigh 

damping (only the stiffness-proportional part when yield is the part of the constitutive model) 

is necessary for ensuring the numerical stability of the models (Itasca Consulting Group Inc. 

2008). In the seismic analysis, the Rayleigh damping has been used for instance by Oskirko 

(2010), Moore et al. (2011), Lenti & Martino (2013), Rizzitano et al. (2014) and Jeong & 

Bradley (2015), although the parameters of the used damping vary between authors. The 

fraction of critical damping used in the literature ranges from 0.1%, used by Moore, et al. 

(2011) to 1% used by Oskirko (2010), to 6% stiffness-proportional, used by Jeong & Bradley 

(2015). 

 

 

2.5.2. Boundary conditions — Absorbing boundaries 

 In order to make the solution of the differential equations of numerical models 

possible, the mathematical solutions on the edges of the mesh have to be prescribed. The 

prescribed displacement (or prescribed velocity or acceleration, which are, in principle, 

equivalent to the prescribed displacement) boundaries are most commonly used boundary 

conditions (Itasca Consulting Group Inc. 2008). These conditions can, however, create 

problems when used in a dynamic analysis, as they reflect the incoming waves back into the 

model (Itasca Consulting Group Inc. 2008). The common solution in the dynamic models is to 

move the lateral boundaries so far from the area of interest that the waves reflected from the 

boundaries get damped out, but this approach further increases the computation requirements 

(Rizzitano, Cascone, et al. 2014). In order to minimise the boundary reflections, FLAC 2D 

provides two absorbing boundary conditions: quiet boundary and free-field boundary.  

 

 

2.5.2.1. Quiet boundary and seismic input 

 The quiet boundary formulation has been developed by Lysmer & Kuhlemeyer (1969) 

and has been implemented not just into FLAC 2D, but also to other numerical programs 

(Oskirko 2010). The quiet boundary uses independent dashpots in the normal and transverse 

direction at the boundary (Itasca Consulting Group Inc. 2008). The method almost completely 

absorbs the waves with the incidence angle greater than 30°. For the lower angles of 

incidence, part of the incoming wave energy still gets absorbed but the absorption is not 

perfect (Itasca Consulting Group Inc. 2008). 

The quiet boundary can be combined with the boundary condition defining the seismic 

input into the model. The seismic input has to be formulated in terms of shear and normal 

stress rather than in terms of the acceleration / velocity history. The conversion, however, is 

rather simple (Itasca Consulting Group Inc. 2008): 

 𝜎𝑛 = 2 ∗ 𝜌 ∗ 𝐶𝑝 ∗ 𝑉𝑛 

𝜎𝑠 = 2 ∗ 𝜌 ∗ 𝐶𝑠 ∗ 𝑉ℎ 
(2.8) 

where σn and  σs is the applied normal and shear stress, ρ is the bulk density of the material, Cp 

and Cs are the material p-wave and s-wave velocity and Vn and Vh are the velocity histories in 
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the vertical and horizontal direction. The combination of quiet boundary and the stress history 

provides a useful way of inputting the seismic signal at the bottom of the mesh. 

 

 

2.5.2.2. Free-field boundary 

 While the quiet boundary provides a way to avoid the reflections from the boundary, 

its use on the lateral boundaries of a model might be undesirable. In reality, the geological 

environment at the sides of a modelled topography does not absorb the incoming waves, but 

rather exhibits ‘free field’ motion, caused by the input signal. In order to simulate this, FLAC 

2D has incorporated the free-field condition, which can be applied to the lateral boundaries of 

the model. The free-field formulation is based on creating two virtual one-dimensional 

columns at the edges of the mesh. The columns are connected to the main mesh via viscous 

dashpots (Figure 2.8). The movement of the columns is then calculated simultaneously to the 

movement of the main mesh. When the movement along the edges of the mesh differs from 

the movement of the connected virtual column (due to the reflected waves reaching the 

boundary), the dashpots are activated in the manner similar to the quiet boundary and the 

exceeding energy gets absorbed (Itasca Consulting Group Inc. 2008). 

 
Figure 2.8: Illustration of the mechanism of the free-field boundary. (Itasca Consulting Group Inc. 2008).  
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2.5.3. Mesh resolution 

 Another factor that has to be controlled is the size of the mesh cells with respect to the 

minimum modelled wavelength (corresponding to the maximum modelled frequency). In 

order to obtain the accurate results, the maximum mesh cell size must be at least 8–10 times 

smaller than the shortest modelled wavelength (Alford, et al. 1974; Itasca Consulting Group 

Inc. 2008). In case this condition is not fulfilled, artificial superimposed oscillation (‘ringing’) 

can be induced in the model (Itasca Consulting Group Inc. 2008).  
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Chapter 3: Theoretical background – Characteristics of the 

investigated area and geological materials 
 

 This chapter summarises the information on the topography and geology of the 

Wellington area and describes the character of bedrock. Stability of slopes in the area is 

briefly introduced, as well as previous analyses of seismic hazard in Wellington. 

 

 

3.1. Tectonic setting of the Wellington area 

New Zealand lies on the boundary between the Pacific and the Australian plate, in the 

area where mostly convergent movement of these plates changes to mostly transform dextral 

strike-slip. In the north, the Pacific plate subducts under the Australian plate in the Hikurangi 

subduction zone. This subduction zone terminates towards the south and the plate boundary 

comprises a transpressive Alpine Fault, accompanied by active orogenesis in the area of the 

Southern Alps. The area covered in this thesis lies in the region of oblique convergent motion 

of the plates (Figure 3.1), where the Pacific plate subducts under the Australian plate at a 

velocity of up to 41 mm/yr (Begg, et al. 2008). The subduction interface in the area is 

approximately 25–30 km deep (Begg & Johnston 2000; Begg, et al. 2004). The subduction 

trench (Hikurangi Trough) lies approximately 100 km southeast of Wellington (Begg & 

Johnston 2000).  

Figure 3.1: Tectonic setting of the area.  Red circle highlights the Wellington area (Begg, et al., 2008). 
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The complicated 

transpressional regime 

related to the termination 

of the Hikurangi 

subduction zone is 

associated with two large 

fault systems intersecting 

most of the North Island 

and the northern part of 

the South Island:  the 

North Island Dextral Fault 

Belt (NIDFB) and the 

Marlborough Fault 

System (Begg & Johnston 

2000). Wellington lies in 

the southern part of 

NIDFB (Figure 3.2), near 

the transition zone 

between the two systems.  

The active faults in 

the Wellington region are 

transpressional, with 

dextral movement and 

generally northeast – 

southwest orientation, as 

illustrated in Figure 3.2 

(Begg & Mazengrab 

1996). The estimated 

parameters of the key 

faults in the wider region 

are given in Table 3.1. It 

shall be noted that neither 

Figure 3.2 nor Table 3.1 include a fault, informally called ‘Mt. Victoria Fault, discovered in 

the area of the Wellington Harbour in 2014 (Nodder, et al. 2014). At the time of writing this 

thesis, little was known about the properties of this fault or its surface trace. 

The faults divide the region into individual crustal blocks. These blocks often show 

different amounts of horizontal movement and uplift (Begg & Mazengrab 1996). The relative 

movement of individual blocks significantly contributed to the current morphology of the 

area. In addition to these major tectonic structures, secondary splinter faults, associated with 

movement on the main faults, can be found in the region.  

The most important tectonic feature in the area is the Wellington Fault. Of all the 

known seismic sources in the area, the Wellington Fault is considered to have the highest 

hazard potential for Wellington (Langridge, et al. 2005). The uplift on the western side of the 

fault gave rise to the east-facing slopes above the Hutt road (Begg & Mazengrab 1996). The 

Figure 3.2: Active faults in the southern North Island. Names of the faults and 

segments are: AkF: Akatarawa; Afk: Alfredton; W-HV: Wellington – Hut Valley 

segment; T: Tararua segment; P: Putara segment. Based on Langridge, Van 

Dissen, et al. (2005). A new fault named ‘Mt. Victoria Fault’ is missing in the 

figure. 
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likelihood of a major Wellington Fault rupture is estimated to be 11% within next 100 years 

(Rhoades, et al. 2011).  

Fault Slip Rate 

(mm/yr) 

Single  Event Dis 

placement, 

Horizontal 

Component (m) 

Recurrence 

Interval 

(years ) 

Timing of Most 

Recent  Event 

(cal. yr BP) 

Estimated 

Characteristic 

Magnitude 

Wellington 4.5-4.9 4.75-5.25 900 300 7.5 

Wairarapa 10.7-11.3 9-13.5 1140-1420 

155 (Last 

Ruptured in 

1855) 

8-8.3 

Ohariu 1.0-2.0 3-5 2200 1025 7.1-7.5 

Shepherds 

Gully-Pukerua 
0.4-1.4 3.5-4 2500-5000 

> ca. 1000yrs (or 

> Ohariu  Fault) 
7.3-7.9 

Otaki  Forks c. 1 2.5-3.5 <4000-9000 ? 7.3-7.6 

Wairau 3.0-5.0 5-7 150-1400 1810-2300 7.2-7.6 

Table 3.1: Parameters of major faults in the Wellington area, as compiled by Semmens (2010).The data were compiled 

from Grapes & Wellman (1986), Heron, et al. (1998), Begg & Johnston (2000), ZachAriasen, et al. (2001), Litchfield, 

et al. (2004), Litchfield, et al. (2006), Rodgers & Little (2006), ZachAriasen, et al. (2006), Little, et al. (2008) and Little, 

et al. (2010). Semmens (2010) used the best fit values where possible and also noted that all the values (with the 

exception of the 1855 Wairarapa fault rupture) were approximate. Note that the ‘Mt. Victoria Fault’, discovered in 

2014 (Nodder, et al. 2014), is missing, as well as the subduction interface. 

 

 

3.2. Topography of the Wellington area 

 Wellington lies in a hilly landscape. The city centre was built in a harbour area, partly 

on reclaimed land (Semmens 2010). However, large parts of Wellington residential areas and 

vital infrastructure lie on the surrounding hills. 

The hills in the area form a series of ridges, oriented mostly north-northeast – south-

southwest (east of the Wellington Fault) and northeast  – southwest respectively (west of the 

Wellington Fault) (Figures 3.3 and 3.4). The flanks of the ridges are often intersected by steep 

gullies, dividing the slopes into systems of local spurs and gorges. Steep cliffs, some of them 

of significant height, can be found along the coast.  

The shape of relief has been affected by tectonic movement along the faults 

intersecting the region, the Wellington Fault in particular. The most prominent tectonic 

feature is the Wellington Fault scarp, which can be clearly seen in Figures 3.3 and 3.4. 

Several valleys have been also formed along the associated splintered faults (Stevens 1974). 

The movement along the active faults also created certain features typical of active 

landscapes, such as shutter ridges (Cotton 1957). The glacial-interglacial cycles have led to 

terrain inversion in some areas (Cotton & Te Punga 1955).  
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Hancox, et al. (2015) carried out a comprehensive analysis of the morphology of the 

Wellington slopes and proposed several categories of slopes based on their origin, 

characteristic shapes and angles (Figure 3.5). Our analysis of the LiDAR data from the 

Wellington area (Section 4.2) shows that, with exception of the flat terrain with angles  below 

10°, the predominant slope angle in the area is between 25° and 35°, with the most dominant 

angle being 31° (Figures 3.6 and 3.7).  

Figure 3.4: Aerial photograph of the Wellington area. Green 

dashed line highlights the surface trace of the Wellington 

Fault. Edited from Begg & Mazengrab (1996). 

 

Figure 3.3 Topography of the Wellington area. Blue 

line highlights the coast line. The white areas reflect 

the gaps between the coverage of LiDAR and 

bathymetric data. The topographic base map was 

created by combining the data from the 2013 LiDAR 

survey with the bathymetry data (Section 4.2). Green 

dashed line highlights the surface trace of the 

Wellington Fault. 
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Figure 3.5: Typology of the slopes in the Wellington area, as proposed by Hancox, et al. (2015).  Aov ~ Overall slope 

angle; Amax ~ Maximum slope angle. 

 
Figure 3.6: Histogram of the slope angles in approximate area of interest. The percentage of the area with a particular 

slope angle is calculated in horizontal projection (grey bands) and in the estimated total extent of the area (blue line). 

The histogram was created from the 1m resolution LiDAR 2013 topographic data, using ArcGIS. The total area for 

each slope dip was calculated by dividing each of the slope dip bins by the cosine of the slope angle and then 

normalized. The gradual peak around 30° represents the predominant slope angle in the area.  
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Figure 3.7: Map of the slope angles in the area of interest. The map was created from the LiDAR 2013 topographic 

data with use of ArcGIS. 
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3.3. Character of the bedrock 

The bedrock in the Wellington area belongs to the Torlesse Terrane (otherwise 

referred to as Torlesse Supergroup or Torlesse Complex). It was formed as a fold-thrust belt 

that developed at a convergent margin through a growth and imbrication of one or more 

submarine accretionary wedges (Kamp 2001). Subsequently, the bedrock was intensively 

The intensive deformation and faulting following the deformed and folded (Suneson 1993). 

bedrock accretion led to the dominant steep dip of the bedrock layers in the area (Watters, et 

al. 1981; Suneson 1993; Begg & Mazengrab 1996).  

The bedrock is dominated by sandstone (greywacke) and argillite of Middle Permian 

to Early Cretaceous age (Suneson 1993). The distribution of these two rock types is spatially 

highly variable, ranging from nearly pure, massive sandstone to argillite-dominated sequences 

Although conglomerate, basaltic rock, limestone and chert can also (Begg & Johnston 2000). 

locally be found, their occurrence within the area of interest is relatively sparse (Dellow 1988; 

Begg & Mazengrab 1996). The rock has variable amount of veining, usually comprising 

calcite, quartz, zeolite or prehnite (Rowe 1980). While the term ‘greywacke’ refers sensu 

stricto to a specific variety of sandstone, its capitalized form is in New Zealand often used as 

a generalized term for the sandstone-argillite association of the Torlesse Terrane, and it will 

also be used this way in this thesis.  

The bedrock is strongly deformed and highly jointed. The joints have mostly low 

persistence and highly variable orientation, even within the same geological domain (Read & 

Richards 2007). The average spacing of joints is between 60 and 200 mm (Read, et al. 1999; 

Cook 2001), although spacing between 20 and 60 mm is also common (Cook 2001). Spacing 

over 750 mm is rare (Read, et al. 1999). The amount of jointing is, in general, controlled by 

multiple factors: 

 Lithology, with sandstone being less jointed than argillite and massive beds being 

less jointed than thin interbedded sequences (Read, et al. 2000; Irvine 2013) 

 Proximity to faults and other tectonic structures  (Irvine 2013) 

 Character of folding, where the rock around the hinge line undergoes larger 

deformation than the rock on the fold limbs (N Perrin 2014, pers.comm, 6 June) 

Read & Richards (2007) described frequent occurrence of more than 6 sets of defects 

of various orientations within a single outcrop, while Cook (2001) described occurrence of 3–

4 dominant joint sets with frequent contribution of random fractures.  

Large persistent defects (faults and shear zones) are relatively common within the rock 

mass. They are often surrounded by an extensive web of semi-random jointing. Identification 

of the shear zones can pose a serious problem during geological investigations. The low width 

of some of these zones (first decimetres) makes them hard to capture by geophysical surveys, 

boreholes or field mapping (G Hancox, 2014, pers.comm., 5 May). 

Classification systems for unweathered Torlesse Greywacke have been developed by 

Read, et al. (2000) (Table 3.2) and Irvine (2013) (Table 3.3). 
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Table 3.2: Informal classification system for Greywacke, proposed by Read, et al. (2000) 

 

 
Table 3.3: Classification for Greywacke, developed by Irvine (2013). 
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3.4. Character of weathering 
Weathering of Greywacke is characterised by disintegration of the rock mass along the 

joints, intergrain boundaries and microcracks, decomposition of plagioclase and hydration of 

clay minerals (Watters, et al. 1981).  Six weathering stages of Greywacke have been described 

in the literature (Fookes & Horswill 1969; Pender 1971; Raisbeck 1973; Marshall 1974; 

Hodder & Hetherington 1991). The macroscopic descriptions of these weathering grades were 

compiled by Hicks (2011) and are given in Table 3.4. 

The most significant weathering feature in the Wellington area is the so-called ‘K-

surface’, named after Mt. Kaukau (Cotton 1957). The origin of this surface can be traced 

probably back to the late Pliocene to Pleistocene, when the Wellington area was a semi-

peneplained terrain with low relief (Cotton 1957; Perrin & Hancox 1996). The weathering 

affected not just bedrock, but also Pleistocene sediments (gravels) (Naeser, et al. 1980). Since 

then, movement along the faults broke the former flat surface and the weathered bedrock was 

eroded to a variable extent. Figure 3.8 gives the approximate extent and altitude of the areas 

where the K-surface has been preserved. The K-surface related weathering can reach up to 

60–90 m deep (Grant-Taylor, et al. 1974), with the lower boundary often being gradual and 

highly uneven (Te Punga 1964).  

 
Figure 3.8: Aproximate extent and altitude or remains of K-surface in the region (Begg, et al. 2004). 
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The ‘post K-surface’ weathering has been affected by the formation of the Wellington 

relief, movement along the faults and consequent erosion. In many places, this weathering 

overprinted the K-surface weathering (N Perrin 2014, pers.comm, 3 July). 

 On the local scale, the weathering is often extremely spatially variable. The primary 

causes of this variability are the changes in the amount of jointing, discussed in Section 3.3. 

As revealed during our field mapping, the near-surface weathering can change by up to 4 

grades on a scale of meters. Relatively common are strong slightly weathered sandstone beds 

adjacent to completely weathered rock mass. As pointed out by N Perrin (2015, pers.comm, 2 

February) and confirmed by the author’s field observations, these strong beds are typically 

formed by fine sandstone with a silica matrix, with low fracturing and low permeability of the 

intact rock mass. 
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Table 3.4: Description of weathering grades of Greywacke in the literature. Compiled by Hicks (2011) from Fookes & 

Horswill (1970) Pender (1971), Marshall (1974) and Hodder & Hetherington (1991). 
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3.5. Character of sedimentary cover and manmade fill in the area 
Within the Wellington area, the highest thickness of sediments can be found in the 

sedimentary basins (Begg & Mazengrab 1996). In the areas of the hills, various Pleistocene 

deposits (dune sand, peat, beach sand deposits, alluvial and colluvial sediments and loess) can 

be found locally (Begg, et al. 1992; Brabhaharan, et al. 1994; Begg & Mazengrab 1996).  

Colluvial fans have been described along the Wellington Fault scarp (Brabhaharan, et al. 

1994). In other areas, intensive solifluction processes during glacials led to accumulation of 

poorly sorted solifluction debris and to the formation of characteristic ‘shaven surfaces’ 

(Stevens 1974, Figure 3.9). 

A characteristic morpho-geological feature of the Wellington area is fossil gullies 

(Cotton & Te Punga 1955). These gullies, filled with periglacial sediments and often masked 

by overgrowing vegetation, can be found on many slopes in the area (Stevens 1974; Perrin & 

Campbell 1992b). The gullies can reach depths of up to 6–10 m (Perrin & Campbell 1992b; 

Brabhaharan, et al. 1994). 

Although significant reclamation works were associated with the construction of 

Kelburn and Anderson parks (Hancox, et al. 2015), the bodies of manmade fill on the hills 

are mostly relatively shallow and with limited spatial extent (Begg & Johnston 2000; 

Semmens 2010). Deposition of the manmade fill was commonly related to the local 

construction projects and to filling of local stream gullies, while the streams have been 

channelled through culverts (Begg & Johnston 2000; Semmens 2010). These filled gullies are 

commonly up to 10 m deep and 20 m wide (Begg & Mazengrab 1996). 

 
Figure 3.9: Example of an ice-shaven surface (yellow dashed line), nowadays covered by colluvium. There is thus a 

sharp contrast between the bedrock and the overlying colluvium.  
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3.6. Mechanical properties of the bedrock 

 Measurements of various mechanical properties of Greywacke can be found in the 

literature (e.g. Raisbeck 1973; Rowe 1980; Hodder & Hetherington 1991; Read, et al. 1995; 

Perrin & Hancox 1996; Hancox, et al. 1997; Stewart 2007; Duffy, et al. 2014). Unpublished 

measurements have also been gathered and analysed by Cook (2001). The measurements 

were of two kinds: laboratory measurements on intact samples (Raisbeck 1973; Rowe 1980) 

and field measurements of the rock mass using engineering-geological (Cook 2001) or 

geophysical (e.g. Duffy, et al. (2014)) methods. In rare cases, tests on both intact samples and 

the rock mass were undertaken (Stewart 2007). 

However, compilation of the various measurements into a single dataset is 

problematic, due to the fact that the properties of Greywacke rock mass are controlled not just 

by the lithology and intact material properties, but also by the joint density and amount of 

tectonic alteration of the rock mass. The measurements on intact samples were, therefore, 

found to be inapplicable to the rock mass (Read, et al. 1999; Duffy, et al. 2014). The 

available field measurements, on the other hand, frequently do not describe all the relevant 

aspects of the rock mass in sufficient detail, making comparison between the various field 

measurements difficult (Cook 2001). 

 

 

3.7. Slope stability in the area 

 Under static (non-earthquake) conditions, the vast majority of slope failures in the 

region occurs on manmade slopes (Hancox & Nelis 2009) and to a small extent also on the 

natural slopes with active fluvial or marine erosion of the toe (Eyles, et al. 1978; Hancox, et 

al. 2007). The failures are most commonly triggered by a rain-induced rise of the ground 

water level (Eyles, et al. 1978; Dellow 1988). After heavy rains in 2006 and 2008, landslides 

in the Wellington area were predominantly in the form of slips of the weathered bedrock and 

small rock failures (Hancox, et al. 2007; Hancox & Nelis 2009).  

 Since the 1855 Wairarapa Earthquake, Wellington has experienced shaking of MM 

VI–VII on multiple occasions (e.g. earthuakes in 1942, 1966, 1977, 2013 and 2016, also 

illustrated in Figure 3.10). However, since the 1855 Wairarapa Earthquake, no earthquake has 

been known to cause more intensive shaking than MM VII (Grapes, et al. 1998; Balfour 

2016; Fraser, et al. 2016) or to trigger a significant number of landslides in the Wellington 

area. 

Multiple studies have been carried out in order to map the seismic hazard in the area 

(e.g. Grant-Taylor, et al. (1974), Perrin & Campbell (1992a), Perrin & Campbell (1992b), 

Taber & Richardson (1992), Van Dissen, et al. (1992), Hancox, et al. (2005), Hancox & 

Perrin (2010), Hancox & Perrin (2011)). Grant-Taylor, et al. (1974), Perrin & Campbell 

(1992a), Perrin & Campbell (1992b), Taber & Richardson (1992) and Van Dissen, et al. 

(1992), however, focussed mainly on the effects of sediments on seismic amplification, and 

considered the hills to be in the zone of the lowest risk. Brabhaharan, et al. (1994), Hancox, et 

al. (2005) and Hancox & Perrin (2010), Hancox & Perrin (2011) assessed the potential for 

earthquake-induced landslides in the hills. The authors based their assessment mainly on 

local slope morphological, hydrogeological and geological conditions. 
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Figure 3.10: Locations of epicentres of earthquakes with Mw 6 or higher over past 50 years. The black diamond 

highlights the location of Wellington. (data from GeoNet catalogue). 

 

 

3.8. Summary: identification of gaps in research 

Wellington lies in an area with multiple active faults (Section 3.1), largely hilly 

terrain intersected by both cut slopes and abundant natural cliffs (Section 3.2), and with 

highly fractured bedrock with variable depth of weathering (Sections 3.3,3.4). 

As was introduced in Chapter 2, seismic site effects can have a profound effect on the 

amplitude and frequency content of shaking during an earthquake in hilly terrain. The 

character of the site effects is the result of complex interaction of the site topography, 

geology and properties of the input signal (Section 2.2). The analysis of site effects is 

complicated by the fact that there is no universally reliable method for their identification 

(Section 2.3). Seismic site effects on the slopes in the Wellington area have not yet been 

systematically analysed. Estimation of site effects purely based on the literature is not 

possible due to qualitative variance in the published results. 

 Numerical simulations provide a powerful tool in the analysis of seismic site effect 

(Section 2.4). The reliability of modelling, in particular using a 2D approach, remains 

disputable and depends on the adopted methodology and individual site characteristics. 

 In order to address the aforementioned issues, the goals of this research are to: 
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 Assess the relative importance of site topography, geology and the earthquake 

parameters for the seismic response of slopes in the Wellington area based on analysis 

of characteristic hillslopes. 

 Test the accuracy of 2D numerical simulations to predict the response of the slope as 

a guide for the future development of seismic stability models in the area.  

The goals are described in more detail in Section 1.2. 
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Chapter 4: Methods 
 

This chapter describes the methodology used during this research: the criteria used for 

the site selection, the approach adopted for the field investigation, the equipment used for the 

seismic monitoring, the methods used for the data processing and the approach towards the 

numerical modelling. Some details of the methodology were developed over the course of 

this research, and certain parameters have changed for various sites (such as the frequency 

range, modelled in the numerical models). Consequently, some of the specifics of the 

methods are also described in the chapters of the individual sites. 

 

 

4.1. Site selection 

Selection of the sites investigated during this research was guided by the following 

criteria: 

1. Legal accessibility 

2. Availability of theft-safe sites for the seismic stations 

3. Representativeness of Wellington conditions in terms of geology and topography 

4. Physical accessibility of sites for the seismic stations 

5. Presence of a suitable location for the reference station 

6. Different geological and topographic conditions from the previous sites 

7. Low seismic noise (in particular at the reference station site) 

8. Availability of geological information (outcrops) on site 

9. At least partial sky view for the seismic stations  

The sites were chosen as a result of compromises between these criteria. The criterion 

of the partial sky view was added as the result of the experience gained at the first site 

(Appendix F). One of the stations in each array was powered by a solar panel, requiring a 

direct sky view. The remaining stations were powered by car batteries, so sky view was not 

needed for power. However, these stations had an inbuilt GPS timing system, which did not 

function indoors. The dysfunctional GPS timing system consequently caused issues during 

the data pre-processing. 

 Based on these criteria, four sites were chosen: Te Ahumairangi Hill, Owhiro Bay 

Quarry, Breaker Bay Cliff and Mitchell Street Ridge. In addition, the seismic data from the 

Saint Gerard’s Monastery, recorded prior to the start of this research, were analysed during 

our research. The investigated profiles are shown in Figure 4.1.Te Ahumairangi Hill served 

as a testing site and the experience gained at this site helped to improve the research 

methodology. However, the site produced data of a limited quality and as such is described in 

Appendix F.  
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Figure 4.1: Locations of the sites investigated during this research.  (1) ~ Te Ahumairangi Hill ; (2) ~ the Owhiro Bay 

Quarry ; (3) ~ Breaker Bay Cliff (shown are both analysed profiles) ; (4) ~ Mitchell Street Ridge ; (5) ~ The Saint 

Gerard’s Monastery. 

 

 

4.2. Analysis of topography 

Several sources of topographic data have been used in this thesis. One meter 

resolution elevation data from LiDAR aerial mapping, carried out in the area in 2006 and 

2013, were obtained from GNS Science and from Wellington City Council. Unless specified 

otherwise, the data from the 2013 survey were used for the analyses. The topographic data 

were supplemented with bathymetry data from the area of the Wellington Harbour and the 

south Wellington coast, provided by NIWA. The shaded relief maps, slope angle maps, slope 

profiles and all other topographic outputs were derived from the LiDAR and bathymetric data 

using ArcGIS. 
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Historic aerial photographs of the investigated area, taken in 1938 and 1945, were 

made available by GNS Science. This research also used preliminary results from a 

geomorphological mapping of Wellington (concurred research project by GNS Science). 

 

 

4.3. Geological mapping 

Data from a large number of boreholes was available from the areas of the 

sedimentary basins in Wellington and in particular from the area of the city centre (e.g. Perrin 

& Campbell 1992b; Semmens 2010). The very opposite, however, was the case for the area 

of the hills in the region. 

Geological mapping was, therefore, carried out at each site in order to obtain more 

accurate information about the geological profile and, in particular, the bedrock weathering 

profile. The mapping was always carried out in two phases. Initially, a terrain reconnaissance 

was undertaken. The reconnaissance covered larger areas with the potential for 

instrumentation, and its main purpose was to assess the site suitability, to guide the alignment 

of the investigated profile and to find the specific locations for the seismic stations. The site 

was then instrumented and detailed geological mapping of the profile was undertaken in 

order to provide the geological information for creating the velocity profiles for numerical 

modelling.  

 

 

4.4. Seismic instrumentation 

Two arrays, each comprising three stations, were available for our research. Over the 

course of this research, the arrays were deployed at the 4 sites (Figure 4.1), with one array 

deployed at each site at any given time. The Saint Gerard’s Monastery site was instrumented 

by Z. Bruce and S. Bourguignon (GNS Science) prior to the start of this research and the 

array had a different setup. 

 

 

4.4.1. Seismic array setup 

Two of the stations in each array (and all three stations at the Saint Gerard’s 

Monastery site) consisted of a Lennartz-3Dlite MKIII sensor, connected to a Nanometrics 

Taurus digital seismograph. These stations were powered by car batteries and recorded the 

data on CF memory cards.  

The remaining station in both our arrays consisted of a Lennartz-3Dlite MKIII sensor 

and a Kinematrics EpiSensor ES-T sensor, connected to a Kinematrics Q330 digital 

seismograph. The Kinematrics Q330 was primarily powered by a solar panel and the data 

were wirelessly transmitted to the GeoNet Continuous Waveform Buffer. In the winter, when 

the solar panels commonly did not produce sufficient amount of energy, car batteries were 

added to provide additional power. While in operation, these stations were part of the GeoNet 

XX (Temporary sites) network. 



44 

 

 The Lennartz-3Dlite MKIII is a triaxial weak motion sensor with peak sensitivity at 

frequencies of 1–100 Hz. Its sensitivity droped below 1 Hz (Lennartz electronic GmbH 

2016). 

 The Kinematrics EpiSensor ES-T is a triaxial strong motion sensor with the extended 

bandwidth of ‘DC to 200 Hz’ (Kinematrics 2016). 

For simplicity, in the following text, the stations with a Lennartz-3Dlite MKIII sensor 

and the Nanometrics Taurus recorder are called the ‘weak motion stations’, while the stations 

with both Kinematrics EpiSensor ES-T and Lennartz-3Dlite MKIII sensors and the 

Kinematrics Q330 recorder are called the ‘strong motion stations’. 

 We have used the signals from the Lennartz-3Dlite MKIII sensors for our analyses, as 

these were present on all 3 stations in the arrays, thus allowing a direct comparison of the 

recorded data. However, the signals from the Kinematrics EpiSensors were still recorded and 

are freely accessible on the GeoNet Continuous Waveform Buffer. 

 

 

4.4.2. Field installation 

 In order to reduce the amount of wind induced seismic noise, where possible in the 

field, the sensors were installed in holes. Where the excavation of a sufficiently deep hole 

was impossible because of strong bedrock near the surface, a wall of rocks was built around 

the sensor (as shown in Figure 4.2). The sensors were placed on bricks, attached to a slab 

made of quick cement. The Kinematrics Episensor sensor was attached to its base by a screw. 

In order to ensure a better sensor-ground coupling when on colluvium or highly weathered 

material, the concrete slab was constructed on top of a 30 cm long iron bar, hammered to the 

ground. The sensors were protected by plastic casings and the cable(s) between the sensor(s) 

and the seismograph were buried into the ground. All the sensors were oriented towards 

magnetic north. 
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Figure 4.2: Example of the setup of a strong motion station. As this station was deployed on a thin layer of gravel, 

underlain by solid bedrock, a wall from rocks was built around the sensor casing to limit the wind-induced noise. The 

photo was taken after the sensor casing was replaced. The two casings in the central part of the picture were not part 

of the permanent station setup. 

 

 

4.4.3. Data recording 
 The arrays were deployed on each site for a period of several months. All stations 

operated in a continuous-recording regime. The stations with the Kinematrics Q330 

seismograph automatically uploaded the data onto the Continuous Waveform Buffer and thus 

required very little servicing. The stations with the Nanometrics Taurus seismograph were 

regularly serviced in order to replace the batteries and the CF memory cards. Although the 

stations were recording continuously while operational, several gaps in the data occurred on 

each site. These were caused mainly by power shortages, but also by CF card malfunctions 

and human interference with the sensors.  

 

 

4.5. Seismic signal processing and analyses 

Two main software tools were used for our signal analyses. The first was Seismic 

Analysis Code SAC (available from the IRIS web page http://ds.iris.edu), the other was 

Python, utilizing the module ObsPy in version 0.10.2 (Beyreuther, et al. 2010). The scripts 

used for our signal analyses were developed specifically for the purpose of this research. 

Where possible, the scripts were verified by comparison with other programs.  
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4.5.1. Seismic signal selection and pre-processing 

 The first step of the signal processing was the extraction of the seismic events from 

the continuous time series recorded by the stations. Details of the earthquakes occurring over 

the periods when each array was deployed on site were obtained from the GeoNet web 

service. As the analysis of all the earthquakes in the region would be unfeasible, the search 

was limited to certain maximum distance from the array for events of different magnitudes. 

The origin time of the event was used to extract the earthquake signal. The continuous 

records allowed for extraction of not just the seismic events themselves, but of 10 minutes 

long time windows starting 4 minutes before the time of the event. The 4 minute window 

prior to the event origin time provided information not just on the intensity of seismic noise, 

but also on its variability, and in multiple cases revealed the analysed event was in fact 

coincident with strong coda waves of another earthquake. The 6 minute time window after 

the event origin provided sufficient time for the arrival of the whole waveforms of the vast 

majority of the recorded events. Only earthquakes recorded on all three stations within the 

array were used for the analyses. 

Pre-processing of the 10 minute signal blocks included removing the mean value and 

linear trend and correcting for the instrument response. In this phase the signals were filtered 

using a relatively wide Butterworth bandpass filter with corners 0.01–0.3 Hz and 35–40 Hz in 

order to preserve the maximum frequency content. Signals were then individually inspected. 

P-wave and s-wave arrivals were manually picked. In addition to the p-phase and s-phase 

arrival times, three 10-second noise windows were selected prior to the earthquake arrival in 

order to characterise the seismic noise.  The signals were also given two subjective ‘scores’ 

for the p-wave and s-wave arrival pick clarity and the visual signal-to-noise ratio. Only 

signals with sufficient scores in both categories were further processed. This method proved 

to be useful for separating low-quality or unclear signal from the signals suitable for further 

processing. 

 

 

4.5.2. Seismic data analysis 

 As with the first part of the analysis, the signals were filtered for a second time, this 

time with a 4
th

 order Butterworth bandpass filter with corner frequencies 0.5 and 25 Hz. The 

lower frequency limit was based on the sensitivity range of the Lennartz-3Dlite sensor. 

Frequencies above 25 Hz were considered of little importance for any events apart from the 

nearest low magnitude ones. 

Peak ground acceleration (PGA) and signal Fourier amplitude spectra were calculated 

from the 10 s s-wave windows (10 s long signal windows, starting at the manually picked s-

wave arrival). The analysed signal windows were extended by 0.5 s on both ends so the 10 s 

long central portion would not get distorted by tapering. The window was then tapered with a 

5% Hanning window.  

The main advantages of this method was its simplicity and a lack of reliance on either 

a complicated set of parameters (as in the case where the length of the time window is 

adjusted based on the earthquake magnitude) or an experienced subjective judgement (as in 
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the case where the length of the time window is chosen for each signal individually based on 

the arriving wave phases). 

An apparent drawback of the use of the fixed length of the time window was that it 

included different wave phases for different earthquake magnitudes and epicentral distances 

(typically all arriving s-waves, surface waves and part of coda waves for local low-magnitude 

events, but only the first part of the arriving s-waves for distant, large-magnitude events). 

However,  Pedersen, et al. (1994) and Parolai, et al. (2004) concluded that the effect of the 

different length of the time window with respect to the length of the arriving s-wave phase 

was insignificant. The length of 10 s was recommended as the most reliable by Di Giulio, et 

al. (2005), and was also used by Taber & Luo (1995) and Massa, et al. (2010), among others. 

The signal-to-noise ratio (SNR) was calculated from the signals and used for lowering 

the impact of the seismic noise on the results of our analyses. In the literature, the values of 

three or five are most commonly used as the signal-to-noise threshold for analysis. We tested 

the effect of three values of SNR threshold (no SNR threshold, three and five) on the results. 

Due to the large number of analysed events (from 70 to >200, depending on the site), the 

value of SNR threshold had no impact on the mean value of SSR and HVSR and only 

insignificant impact on the values of the mean amplification of PGA and Arias intensity. 

However, for the sake of consistency, the SNR value of five was used throughout the 

analyses, similarly to Pischiutta, et al. (2010). The SNR filtering was implemented differently 

for the PGA and Arias intensity calculation and for the calculation of signal spectra, and is 

described further in the text (see Sections 4.5.2.1–4.5.2.3). 

In our analyses, we used a geometric mean for calculating the mean values, rather 

than an arithmetic mean. The use of the geometric mean was based on analysis of the 

distribution of the seismic data from the Owhiro Bay Quarry, described in detail in Appendix 

B.4.  

 

 

4.5.2.1. Calculation of PGA amplification 

The PGA of an earthquake signal was calculated as the maximum absolute value of 

the acceleration within the 10 s s-wave window. The SNR was calculated as the PGA of the 

signal, divided by the mean value of the PGA from the three 10 s noise windows. Where the 

SNR exceeded the threshold of five for both the investigated station and the reference station, 

the PGA amplification was calculated as PGA(station)/PGA(reference station). The comparison was 

done independently for each of the components (N00, E00 and Z00). 

 

 

4.5.2.2. Calculation of SSR and HVSR 

For calculating the signal and noise spectra, the 10 s windows were lengthened to 100 

seconds by adding zeroes at the end of the signal. The Fourier amplitude spectra were 

calculated from the signals, and smoothed with the Konno-Ohmachi smoothing function 

(Konno & Ohmachi 1998) with a bandwidth coefficient of 100. The three noise windows 

were analysed the same way as the signal window. The spectra of the noise windows from 
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individual stations can be found in Appendix H.1. The spectra were then resampled at a 

sampling frequency of 100 samples per 1 Hz to allow for easier signal storage and 

comparison. 

During the SNR filtering, the spectrum of the signal and the mean spectrum of the 

noise (for the three time windows) were compared for every sampled frequency individually. 

For the frequencies where the Fourier amplitude of a signal was larger than the mean Fourier 

amplitude of noise multiplied by the SNR threshold (5 for the presented data), the spectral 

value of the signal was kept. Where the mean noise Fourier amplitude multiplied by the 

threshold was larger than the signal spectrum, the spectral value was discarded (Figure 4.3). 

We call the resulting spectra ‘corrected’. 

 
Figure 4.3: Illustration of the SNR filtering of the spectra used in this research. In the left figure, the blue solid line 

shows the original signal spectrum. The full red line shows a noise spectrum, for illustration purposes shown as 

having a constant amplitude An. During the filtering, the value of spectrum at each sampled frequency was compared 

with the value of noise (An) multiplied by the SNR threshold (five on the illustration). Where the signal amplitude is 

larger than five times the noise amplitude, the signal sample was kept. Where it was lower, the signal sample was 

discarded. The ‘corrected’, filtered spectrum is shown in the right figure. 

Next, the spectra were analysed using the SSR and HVSR methods, described in 

Section 2.3. For calculation of the SSR, the corrected spectrum of each component (N00, E00 

and Z00) of a signal from the investigated station was divided by the corrected spectrum of 

the same component from the reference station. For calculation of HVSR, the corrected 

signal spectrum of each horizontal component (N00, E00) of a station was divided by the 

corrected vertical spectrum from the same station. The values of SSR and HVSR were 

calculated only for sampled frequencies where both the compared signals had a value (i.e. 

passed the SNR filtering). The last step then consisted of calculation of mean SSR and 

HVSR. Similarly to the previous calculations, the mean value was calculated for each 

sampled frequency individually, taking into account only the SSR or HVSR that had a valid 

value at the particular sampled frequency. 

 

  



49 

 

4.5.2.3. Calculation of the Arias intensity 

Unlike PGA, the Arias intensity (Arias 1970) is a parameter derived from the full 

length of a seismic signal. Arias intensity (Ax) in the direction x can be calculated as: 

 
𝐴𝑥 =  

2𝜋

𝑔
  ∫  𝑎𝑥

2
𝑡2

𝑡1

(𝑡) ∗ 𝑑𝑡 (4.1) 

where t1 and t2 represent the time of the start and the end of a signal, g is the gravitational 

acceleration and ax is the acceleration in the direction x. The Arias intensities were calculated 

from the effective lengths of the signals, using 90 s signal windows with their start at the p-

wave arrival. Multiple methods for calculating the effective lengths have been developed 

over time (Bommer & Martínez-Pereira 1999). In this research, we have used the method of 

Trifunac & Brady (1975), where the effective length is defined as the time interval between 

5% and 95% of the Arias intensity of a specific time window. The amplification of Arias 

intensity was calculated similarly to the PGA amplification, by dividing the value from the 

station by the value from the reference station for each component separately. We have used 

the SNR calculated from the signal PGA (Section 4.5.2.1) for quantification of the signal 

quality in our calculations of Arias Intensity. Only the signals which exceeded the SNR 

threshold of 5 for both the investigated station and the reference station were used for the 

analysis. 

 

 

4.5.2.4. Polarisation analysis 

In order to analyse the polarisation of the seismic response, the horizontal components 

of each earthquake signal were rotated into a range of azimuths (from 5° to 355° with a 10° 

step) using the ‘rotate_NE_RT’ function from the Python module ObsPy. The PGA 

amplification ratio, SSR and HVSR were then calculated from the rotated signals, following 

the methodology described above. The mean values of the PGA amplification ratios, SSR and 

HVSR were calculated for each azimuth from all the rotated events. For the purpose of 

plotting, the SSR and HVSR were transformed into rasters using linear interpolation. 

 

 

4.5.2.5. Calculation of the effects of source backazimuth 

 The analysis of the effect of backazimuth on the PGA and SSR was also undertaken. 

The backazimuths were calculated from the known GPS coordinates of the seismic station 

and from the coordinates of the earthquake epicentres, as identified by GeoNet.  

For the analyses, the events were grouped into backazimuth bands 20° wide. A 

characteristic mean PGA amplification ratio and SSR for each backazimuth band was 

calculated from the PGA and corrected spectra of the events within the backazimuth band. 

The spectral ratios were calculated individually for each component of each investigated 

station. For the purpose of plotting, the spectral ratios were then transformed into rasters 

using linear interpolation.  
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4.6. Numerical modelling 

The numerical models had two main purposes. The first was to test the impact of the 

various topographies and velocity profiles on the weak-motion seismic site response. This 

way, the pure topographic effects could be isolated from the coupled topographic-geological 

effects and the importance of various geological parameters (such as the depth of weathering) 

could be investigated. 

The second reason was to explore the results obtained from the field monitoring. 

Unlike the seismic observations, the analysis of seismic site effects in the models was not 

limited by the number of available and serviceable seismic stations. If the models were 

calibrated so their results matched the field observations, their results could be used for more 

detail investigation of site effects on the topography. 

 

 

4.6.1. Software used 

The numerical modelling was carried out using FLAC 2D – Fast Lagrangian Analysis 

of Continua from the Itasca Consulting Group. The version 6, used at the start of this 

research, was upgraded over the course of this research to version 7. 

The choice of this program was guided by multiple requirements. The first 

requirement was the ability to model complex geometries and velocity profiles in the time 

domain. This requirement limited our choices to iterative modelling programs. Secondly, a 

continuum, rather than discontinuum, code was desirable due to the extreme fracturing of the 

modelled rock mass and the scale of the slopes (Section 3.3). Treating the rock mass as a 

continuum under these conditions was recommended for instance by Jing (2003). The third 

requirement was the ability to model the hysteretic behaviour and the stability phenomena. 

Although these were not considered during this research, incorporation of the stability 

phenomena into our models was expected to be included in future phases of the broader 

project. The last requirement was for 2D modelling. While the applicability of 3D models 

was proven by for instance by Lee, Chan, et al. (2009), the 2D models had the advantage of 

significantly shorter running times, allowing for analysis of more velocity profiles over the 

same time or for increased frequency range of the models (as explained in Appendix A.1.1). 

As the detail 3D geological structure of the bedrock on our sites was not known, a parametric 

study using 2D approach was preferred. 

FLAC 2D was concluded to fulfil all our requirements, while also having the benefit 

of two types of absorbent boundaries, allowing for smaller model size and thus increasing the 

computation speed (see also Section 2.5.2). In addition, the performance of FLAC 2D for 

modelling of seismic site effects has been proven by multiple researchers (e.g. Martino & 

Scarascia Mugnozza 2005; Bourdeau & Havenith 2008; Oskirko 2010; Lenti & Martino 

2012; Lenti & Martino 2013). 

Due to computational constrains created by formulations of boundary conditions, 

most of the available numerical models assume vertically incident p- and s-waves 

propagating upwards from the base of the model. This research, similarly to the previous 

research works (e.g. Rizzitano, et al. 2014; Gischig, et al. 2015; Torgoev & Havenith 2016) 

thus used this assumption. 
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4.6.2. Topography 

The topographic profiles were based on the 1 m resolution topographic data from the 

2013 LiDAR survey of the area. The profiles running through the sites were exported using 

ArcGIS. Based on the recommendations of Itasca Consulting Group Inc. (2011), the 

topographies were simplified to a series of straight lines in order to decrease the effect of 

numerical noise. 

 

 

4.6.3. Constitutive model 

 In our models a linear elastic constitutive model was used. This research focussed on 

the weak-motion site effects, as these were observed in the field, so the comparison between 

the models and the field data could be made. For the weak motion, and thus low strains, the 

behaviour of the rock mass could be assumed to be approximately linear. An exception could 

be the low-strain nonlinearity caused by the opening and closing of joints within the 

subsurface layer (discussed in depth in Section 2.2.2.3). Although this effect was qualitatively 

described by Zertsalov & Sakaniya (1997) and others, it was not considered in any large scale 

numerical modelling experiment available to us. Quantification of this type of nonlinearity to 

the extent which would allow incorporation of such phenomenon into the numerical models 

with any degree of accuracy, however, was beyond the scope of this research. 

 

 

4.6.4. Material properties 

We used four main material categories for our models, with each category 

representing a weathering grade(s) of Torlesse Greywacke. There were several reasons for 

this. Firstly, as discussed in Section 3.6, creating reliable sets of parameters for material 

categories based on the tectonic structure and lithology of the bedrock was impossible due to 

problematic correlation between various sources of measurements. Secondly, the increase in 

weathering was similar to the increase in structural damage — both were accompanied by 

increases in jointing and later by material alteration (either by chemical changes or by 

mechanical pulverization). Lastly, the tectonic structure was macroscopically close to 

indistinguishable for highly and completely weathered Greywacke. This aspect also made the 

weathering classes more reliably assessable in the field during field mapping. 

The material parameters were compiled, with the author’s contribution, by C. Massey 

(GNS Science) and A. Morello (at that time GNS Science) and were based predominantly on 

a review of available literature and on unpublished measurements from a personal archive of 

N. Perrin (GNS Science). At the time of writing this thesis, the compiled parameters were 

unpublished. With the permission of C. Massey and A. Morello, the parameters have been 

used for this research and are given in Table 4.1.  
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Weathering 

grade 

Unit 

weight 

[kg/m3] 

Poisson’s 

ratio 

Young's 

modulus 

[GPa] 

Shear 

modulus 

[GPa] 

Bulk 

modulus 

[GPa] 

Vs [m/s] Vp [m/s] 

SW–UW 2560 0.35 13.778 4.475 13.426 1322.163 2752.302 

MW 2300 0.4 6.071 1.817 8.478 888.7314 2176.938 

HW 2200 0.4 5.076 1.333 6.220 778.3689 1906.607 

CW 2000 0.42 2.946 0.945 5.592 687.454 1851.027 

Table 4.1: The material cathegories, used for numerical modelling in this thesis. The parameters (representing the 

small-strain elastic behaviour of the materials) were compiled by C. Massey (GNS Science) and A. Morello (at that 

time GNS Science), but remained unpublished at the time of writing this thesis. Following abbreviations were used to 

represent the weathering grades: UW ~ Unweathered, SW ~ Slightly Weathered, MW ~ Moderately Weathered, HW 

~ Highly Weathered, CW ~ Completely weathered. 

In addition to these material classes characterizing the bedrock, certain materials were 

encountered on individual sites (e.g. manmade fill or scree). The parameters for these 

materials were compiled from the available literature. As these materials were used only in 

models of the individual sites, they are described in the appropriate chapters.  

 

 

4.6.5. Velocity profiles 

 Multiple velocity profiles were tested during our numerical modelling of individual 

sites. The first profile was always a homogeneous one and its purpose was to model the 

purely topographic site effects. In addition, multiple other velocity profiles were created for 

each site. These profiles were chosen with consideration for the site geology and uncertainties 

in the depth of weathering on the site. The boundaries between the materials were either 

sharp or gradual, using our two-line gradient method (Appendix A.3).  

 

 

4.6.6. Frequency range 

 Two limiting frequency parameters were determined for each model: the upper 

frequency limit and the upper cut-off frequency. The upper frequency limit represented the 

frequency at which at least some of the inputs contained a significant energy. In general, we 

set the upper frequency limit so it just covered the frequency range of observed field 

amplification, but was not much higher. The upper cut-off frequency was set above the upper 

frequency limit. The upper cut-off frequency represented the highest frequency the mesh was 

able to model without inducing numerical artefacts (detailed in Appendix A.1.1). The input 

signals were filtered so they contained no significant energy at frequencies above the upper 

cut-off frequency. The values of the upper cut-off frequency were experimentally chosen 

based on the value of the upper frequency limit and the filtering used (see also Section 

4.6.10). The values of the cut-off frequencies for the models of various sites are given in 

Table 4.2. 
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4.6.7. Mesh construction 

 The mesh cell size distribution and the dimensions of the lateral and bottom 

boundaries (see also Section 2.5) varied between sites, but were consistent for all the models 

at each site (Table 4.2). 

Site 
Upper cut-off 

frequency 
[Hz] 

Mesh cell sizes [m] Lateral boundaries 
[times topography 

width] 

Bottom boundary 
[times topography 

height] Model base Other domains 

Owhiro Bay 
Quarry 

25 5 1 m on the topography 3 2 

Breaker Bay 
Cliff 

15 6 
1 m scree area. 3 m 
other lower-velocity 
zones 

1 2 

Mitchell 
Street Ridge 

20 6 
1 m fill area. 3 m other 

lower-velocity zones 
1 2 

 

Table 4.2: Dimensions of the model boundaries, used mesh-cell-size domains and the upper cut-off frequencies used 

in the numerical models. 

The mesh cell sizes were controlled by the upper cut-off frequency and the modelled 

velocity profiles. The original dimensions of the lateral boundaries and the bottom boundary, 

used in the modelling of the Owhiro Bay Quarry models, were based on the recommendation 

of Lenti & Martino (2012) and Lenti & Martino (2013). In order to achieve maximum 

accuracy, we have doubled both the recommended horizontal and bottom dimensions. For 

these models, a uniform, very fine mesh was used throughout the central part of the model.  

While the models of the Owhiro Bay Quarry produced accurate results, they turned 

out to be computationally highly demanding. Consequently, for the Breaker Bay Cliff 

models, two optimization tests were carried out in order to find the mesh size with lower 

computation requirements, but without a significant decrease in the accuracy of the results. 

These tests are described in Appendix C.2 and C.3.  Based on these tests, the subsequent 

models of Breaker Bay Cliff and Mitchell Street Ridge were constructed using multiple 

domains with different mesh cell size (Appendix A.1.1) and the boundary widths were 

adjusted (Appendix A.1.2).  

 

 

4.6.8. Boundary conditions and model stages 

 The numerical models consisted of two distinctive stages: ‘loading’ and ‘dynamic’. 

The ‘loading’ stage was run first for each velocity profile. Its purpose was to 

introduce gravity-induced stresses and bring the model into static equilibrium. For this, the 

lateral boundaries were fixed in the horizontal direction and the bottom boundary was fixed 

in both horizontal and vertical direction. The dynamic calculations were deactivated, the 

gravity load was initialized and the model was run until static equilibrium was reached. 

 The ‘dynamic’ stage followed the first stage. The purpose of this stage was to model 

site effects themselves. The dynamic calculations were activated, damping was introduced 

and the boundary conditions were changed. The free field condition was applied on the lateral 

boundaries. The quiet boundary in both normal and shear direction was at the base of the 

model. In addition, the input motion in the form of the normal and shear stress was applied at 
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the bottom of the mesh. The model was then run for an amount of dynamic time, which was 

slightly longer than the length of the input motion. 

 

 

4.6.9. Damping 

As discussed in Section 2.5.1, the choice of appropriate dynamic damping could be 

problematic in FLAC 2D. The use of Rayleigh damping was recommended by several 

authors for linear elastic models (Strenk & Wartman 2011; Mánica, et al. 2014). Despite its 

flaws (Section 2.5.1.3), it was also realistically the only available implementation of damping 

in FLAC 2D that was capable of reducing the high-frequency numerical noise. We used a 

damping value of 0.2%, recommended for ensuring numerical stability by Itasca Consulting 

Group Inc. (2008), and a centre frequency of 2 Hz. The frequency-damping ratio curve of this 

damping setup is shown in Figure 4.4. The reason for the choice of these parameters was that 

for the very low strain assumed during the modelled earthquakes, the damping within the 

rock was likely to be low. The central frequency of 2 Hz overdamped the low frequencies, 

but as the models had relatively short durations and the low-frequency waves had sufficient 

time to perform only very few cycles within the model, disproportional damping of the low 

frequencies was not expected to cause significant distortion. This was confirmed by the 

results of the models. In fact, the opposite problem arose. Although the frequency-damping 

curve was close to flat for the high frequencies, it was not completely flat. Because the higher 

frequencies experienced a higher number of cycles over the same time frame, the frequencies 

above 10 Hz were disproportionally damped. 

 
Figure 4.4: The frequency dependence of the used damping. The graph shows the damping ratio for the frequency 

range of 0.5–25 Hz, which was the widest frequency range considered in our models. 

 

 

4.6.10. Input signals 
 For the dynamic models of each site we used real earthquake records, recorded at the 

reference station at the particular site. The events were chosen based on their signal-to-noise 

ratio, spectrum and other factors. Both horizontal and vertical acceleration history was used. 

Where necessary, the horizontal components were rotated in order to obtain a horizontal 

component of the signal that would be parallel to the profile orientation. The signals were 

cropped, tapered and filtered with a Butterworth bandpass filter with 10 npoles. The lower 
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limit for the bandpass filer was 0.5 Hz for all the sites. The upper cut-off frequency was 

experimentally chosen based on the upper frequency limit of each model, so the filtered 

signals had minimal or no frequency content above this frequency. The acceleration histories 

were then upscaled by a factor of 10000, and converted into stress histories. The upscaling 

was found to be helpful in order to lower the impact of numerical noise. The validity of 

upscaling of the input was proved by one of our tests (Appendix A.2). The stress histories 

were then applied on the bottom mesh boundary during the dynamic stage of modelling 

(Section 4.6.8). When the acceleration histories from the models were analysed, they were 

divided by 10000 so comparison with the unscaled input signal could be made.  

 

 

4.6.11. Model data analysis 

 Two independent systems of monitoring of the acceleration results were used in our 

models.  

The first system consisted of history points, located along the surface of the model. 

The concentration of the points was highest at the investigated topography itself. However, 

the history points were also located on the surface of the horizontal boundaries around the 

modelled topography in order to capture the effects of the topography in its vicinity. The 

Fourier amplitude spectra for each history point location were calculated from the 

acceleration histories and smoothed using the Konno-Ohmachi smoothing algorithm (Konno 

& Ohmachi 1998) with the windowing function of 100. 

 The second system continuously monitored the acceleration within the main 

topography, saving the maximum PGA into extra grid variables. This routine comprised a 

loop, executed every n
th

 step, where the n was chosen based on the timestep so the frequency 

of execution was around 100 per 1 s of dynamic time. On each execution, the routine checked 

the acceleration in horizontal and vertical direction at each grid point. If the acceleration was 

larger than the previously recorded maximum (stored as an extra grid variable) the new 

acceleration was stored instead. This way, a high-detail spatial distribution of horizontal and 

vertical PGA was obtained at the end of the model run, which was then plotted using Python.  

 The outputs from the models were analysed in two ways. The first method comprised 

calculation of the SSR with respect to the input signal. For this, the smoothed Fourier 

amplitude spectra of the acceleration time series from all the history points were divided by 

the Fourier spectrum of the input acceleration history. In addition to the SSR from the 

individual events, the mean SSR for each velocity profile was calculated by averaging the 

SSR from all the used model inputs. We refer to this method as ‘real’ SSR in the context of 

the model – field data comparison (see also Section 4.6.12). 

The second method comprised the analysis of the PGA at all gridpoints. Unlike the 

SSR, the analysis for PGA was done in terms of the absolute recorded PGA at each gridpoint, 

rather than in terms of the PGA amplification ratios. As it turned out during our modelling, 

the frequency-dependent nature of the Rayleigh damping led to a distortion of the maximum 

acceleration within the model, making any accurate quantification of the PGA amplification 

ratios impossible. None the less, the analysis of the absolute values of the PGA still provided 

a valuable insight into the phenomena occurring within the models.  
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4.6.12. Comparison between the models and the field data 

The results of numerical models were ultimately compared with field observations. 

This had two main purposes. The first was to validate the numerical models. The validation 

of the model could be characterized as ‘substantiation that a computerized model within its 

domain of applicability possesses a satisfactory range of accuracy consistent with the 

intended application of the model’ (Bielak, et al. 2010, p.377). In the case of our models, the 

validation focused on assessing the accuracy of the model results at various frequencies. 

The second purpose of the model-field data comparison was supplementation of the 

field data records. In the field, the seismic observation was limited to 3 locations on each site. 

The numerical models, on the other hand, allowed for the analysis of the behaviour across the 

topography. The goal of this phase was, therefore, to find the velocity profile best matching 

the field data observation and use its outputs as indicators of the on-site seismic site effects.  

The numerical models were compared to the field data using two main methods. The 

first method involved comparison of the mean field SSR and HVSR with the average SSR 

from the numerical models. This comparison had the advantage that it took the most robust 

parts from each of the analysed systems (field data: average of all the events; model: 

comparison with the seismic input, averaged across multiple signals). However, there are 

several disadvantages to the SSR and HVSR methods (as described in Section 2.3.1).  

Firstly, the SSR method assumes that the reference station has no site effects. The 

numerical models of our three sites, however, clearly showed that this was not necessarily 

true. Assuming that our models reproduced the behaviour in the field, the field SSR included 

the bias caused by the site effects at the reference station, making any comparison between 

the field SSR and ‘real’ modelled SSR unreliable.  

Secondly, while the ability of HVSR to predict the fundamental resonance frequency 

has been empirically verified, this method still lacks the theoretical basis for applicability in 

the hilly terrain (see also Section 2.3.2). The upper frequency for the applicability of HVSR 

also could not be exactly determined from the available literature. 

Lastly, this method of comparison had one intrinsic discrepancy: while the field data 

(both SSR and HVSR) were calculated from the 10s s-wave windows, the SSR from within 

the models were calculated from the full signal lengths, including the initial p-wave window. 

This discrepancy could be particularly relevant where local low-magnitude events with a 

strong p-wave phase were used as the model input. 

Therefore we developed a second method for comparing the model to the field data by 

modifying the conventional ‘real’ SSR method in order to: 

1. Avoid the assumption of no site effects at the reference station 

2. Test whether individual signals, rather than averages over a large number of events, 

could be used for the model calibration. While this requirement was not relevant for 

our research as the seismic activity in the region provided an abundance of seismic 

events for analysis, the method using a single signal could bring significant benefits 

for model validation in seismically less active regions. 

3. Avoid some of the theoretical discrepancy in the signal length used 

In order to address these goals, the first method was modified in multiple ways. The 

modifications were similar to those used by Hartzell et al. (2016): 
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1. Within the model, the SSR were calculated by comparing the spectra from the points 

of interest with the spectrum from the point representing the location of the reference 

station rather than with the spectrum of the seismic input (similarly to Geli, et al. 

(1988)). This was more in line with the method for calculating field SSR, and took 

into account site effects on the reference station. We termed the spectral ratios 

calculated with respect to the seismic input as ‘real’, as they reflected the objective 

behaviour of the model, and the spectral ratios calculated with respect to the reference 

point as ‘apparent’, as they reflected what would be observed by a seismic array. The 

‘apparent’ SSR (SSRa) could be calculated in one of two ways, depending on the 

format of the data available. First, using the spectral data: 

 
𝑆𝑆𝑅𝑎 =

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑝𝑜𝑖𝑛𝑡)

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑖𝑛𝑡)
 (4.2) 

and second using the ‘real’ SSR (SSRr): 

 
 𝑆𝑆𝑅𝑎 =

𝑆𝑆𝑅𝑟 (𝑝𝑜𝑖𝑛𝑡)

𝑆𝑆𝑅𝑟(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑖𝑛𝑡)
 (4.3) 

The later is valid, because the (SSRr) is defined as: 

 
 𝑆𝑆𝑅𝑟 (𝑝𝑜𝑖𝑛𝑡) =

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑝𝑜𝑖𝑛𝑡)

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑖𝑛𝑝𝑢𝑡)
 (4.4) 

and therefore: 

 

 
𝑆𝑆𝑅𝑟 (𝑝𝑜𝑖𝑛𝑡)

𝑆𝑆𝑅𝑟(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑖𝑛𝑡)
=

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑝𝑜𝑖𝑛𝑡)
𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑖𝑛𝑝𝑢𝑡)

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑖𝑛𝑡)
𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑖𝑛𝑝𝑢𝑡)

=
𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑝𝑜𝑖𝑛𝑡)

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑖𝑛𝑡)
 = 𝑆𝑆𝑅𝑎 

(4.5) 

 

2. The field SSR used for comparison were calculated only from the single event used as 

the seismic input for the models. 

3. The field SSR were calculated from the same length of the signal as was used for the 

seismic input to the models, rather than from the 10s s-wave window.  

Figure 4.5 illustrates this approach on the data from the Owhiro Bay Quarry (Chapter 

5). Refer to sections 5.2 and 5.3 for the details. Figure 4.5a illustrates calculating the 

‘apparent’ SSR using approach (4.3) for each of two investigated history points called “131” 

and “141”. The ‘apparent’ SSR was significantly different from the ‘real’ SSR and in fact, the 

peaks on the ‘apparent’ SSR were primarily caused by sharp deamplification at the reference 

location rather than by actual amplification at each point. 

Figure 4.5b compares the ‘apparent’ SSR with the average field SSR and the event-

specific field SSR (calculated from 10 s s-wave window of the signal). Figure 4.5c shows that 

when the field SSR were calculated from the whole signal length, rather than from the 10 s s-

wave window, the match further improved.  

This approach was created for the purpose of model validation, rather than model 

interpretation.  When the ‘apparent’ SSR was different from the field SSR, it could not 

differentiate whether this was caused by over or underprediction of the amplification at the 

investigated point, at the reference point or a combination of these. Our tests have also shown 
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that this method was insensitive to the frequency-dependence of the Rayleigh damping, as the 

damping affected the ‘station history point’ and ‘reference station history point’ to similar 

extents. Consequently, this should be combined with the ‘real’ SSR when Rayleigh damping 

is used, in order to identify the possible disproportional damping of certain frequencies.  
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Figure 4.5: Illustration of the three stages of the alternative method of comparison of the field data and the model 

results. a) Comparison of SSR for two points (i.e. 131, left, and 141, right) showing ‘real’ SSR for the point and 

reference point, as well as ‘apparent’ SSR; b) Comparison of the model ‘apparent’ SSR with the field SSR for the 

modelled event and for all events; c) Comparison of the model ‘apparent’ SSR with the field SSR for the time window 

equivalent to the input signal and the 10 s time window. This example uses the horizontal spectrum from the model 

with velocity profile OWQ14 and the seismic input 2014p980148. 
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Chapter 5: Owhiro Bay Quarry 
 

The Owhiro Bay Quarry lies on the southern coast, approximately 6 km south of the 

Wellington city centre. The former quarry is owned by the Wellington City Council and is 

used for recreational purposes. The western part of the former quarry face was investigated 

during this research (Figure 5.1). All the field work and operation of the seismic array on the 

site was carried out with consent of the Wellington City Council, represented by the 

Wellington Park ranger Brian Thomas.  

 
Figure 5.1: Photo of the Owhiro Bay Quarry and adjacent slopes. Yellow ellipse highlights the investigated western 

part of the quarry. Green arrow marks the mouth of Spooky Gully. 

 

 

5.1. Site characteristics 

 This section describes the site topography, geology, history and also the character of 

slope failures in the Owhiro Bay Quarry and its vicinity. 

 

 

5.1.1. Topography 

The Owhiro Bay Quarry is located on the southern flank of a ridge, parallel to the 

coastline of Cook Strait. The ridge is delimited by Spooky Gully on the north and east, by the 

sea on the south and continues towards the west (Figures 5.1 and 5.2). Further north and west 

of the site lies hilly terrain formed by a series of ridges and sharp valleys. Towards the east, a 

single ridge separates the site from the coastline (Figures 4.1 and 5.14). Towards the south is 

a gentle slope of the Cook Strait coast, extending under the sea. The Owhiro Bay Quarry was 

established at a former cliff called Runaround Knob. Prior to the commencement of the 

mining operations, the cliff extended to the former shore line (Grant-Taylor 1975). The 

topography at the site and in its vicinity was heavily modified by quarrying operations and by 

subsequent remediation measures (Wellington City Council 1998). 

The most common slope angle of the natural slopes on the site, 36°, is higher than the 

average for the region (compare Figures 5.3 and 3.6). Also, the relative area covered by 

slopes steeper than 55° is significantly larger than average, with slopes up to 65° relatively 
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frequent. These steep slopes are mostly cut slopes created during the quarry operation, 

although some can also be found on natural slopes (Figure 5.2). 

The quarry area is partially overgrown by sparse vegetation. Large areas are covered 

by scree or support localised patches of grass. Apart from the grass, the vegetation is 

dominated by low herbs and shrubs. The most dominant shrubs are Gorse and Tauhinu. Tree 

nettle and other species can also be locally found. 
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Figure 5.2: Shaded topography (upper figure) and the map of the slope angles (bottom figure) in the area of the 

Owhiro Bay Quarry. 
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Figure 5.3: Histogram of the relative area covered by slopes of various angles in the Owhiro Bay Quarry area. The 

area is measured in the projection into horizontal plane. 

 

 

5.1.2. Geology 

Despite the long history of the quarrying operations, few geological studies of the area 

can be found. Grant-Taylor (1975) investigated the site of the quarry during its operation, and 

observed variable spacing of joints, reaching from ‘3 cm to 150 m’ (Grant-Taylor 1975, p. 2), 

although the latter value is most likely an error and should be 150 cm. He also observed the 

presence of a minor fault and related shear zone. The same author noted the prevalence of the 

sandstone component of Greywacke in the area, with argillite comprising less than 1% to 5% 

of the volume of the rock mass, depending on the exact location. The quarry itself was also 

noted to produce less than 5% of argillite by Brookes & Hunt (1974) and Grant-Taylor 

(1975). Perrin & Hancox (1996) identified two major fault structures in wider area: 

Pariwhero fault west of the quarry, and an un-named fault in Carey’s Gully north of the site. 

The same authors also observed minor faults and shear zones with frequency of about one 

every 5–10 m. Brookes & Hunt (1974) reported the depth of weathering from the original un-

eroded surface to be generally around 30 m.  

Our geological mapping focussing predominantly on the western part of the quarry 

(highlighted in Figure 5.1). The field mapping included also two scan lines. Their results are 

shown in Appendix B.1. The use of the Schmidt hammer was also attempted on the site. 

However, due to high fracture density of the rock mass, the Schmidt hammer rebound values 

predominantly reflected the block sizes and were heavily affected by the presence of visually 

undetectable joints subparallel to the rock face. With less than 10% of the measurements 

reaching the expected rebound values, the use of the Schmidt hammer was abandoned.  

The rock mass is highly jointed, with dominant block size of 5–20 cm, although 

blocks up to 0.5 m in diameter can be found locally. The argillite beds are frequent in the 

mapped western part of the quarry face. While mostly relatively thin (< 0.3 m), multiple beds 

over 1 m thick are also present (Figure 5.6). 

The rock mass is unweathered at the bottom of the quarry face. Towards the top of the 

quarry face, the bedrock becomes moderately weathered and is highly weathered at the top of 

the ridge. The weathering grade of the quarry face also increases towards the east. 
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The natural slopes are mostly covered by a thin (at most tens of centimetres) layer of 

colluvium and soil. In Spooky Gully, thicker layers of alluvium and colluvium have probably 

locally accumulated, but neither their thickness nor their character is apparent in the field. 

Thicker accumulations of colluvium can also be found in numerous scree cones. An extensive 

fill embankment was built along the southern toe of the ridge during the quarry operations. 

The thickness or the composition of the bench is not known to us. 

Three main types of persistent defects can be found on the site. The first is a large 

fault structure intersecting the rock face (Figure 5.4). This fault is the largest linear structure 

within the quarry, has a dip direction of approximately 240° and dip angle of approximately 

45°. The bedrock in the vicinity of the fault has been significantly altered, in particular in the 

hanging wall. Closest to the fault, the hanging wall has a character of white, weak, 

homogeneous rock mass with very little jointing remaining (Figure 5.5). This material was 

likely formed by chemical alteration of the pulverized zone adjacent to the fault (N Perrin, 

2014, pers.com, 10 October). This material seems to be forming a wedge, thickest (up to 10 

m in the plane of the quarry face) near the surface and thinning towards the bottom of the 

quarry. The outer boundary of the highly altered rock wedge is formed by a zone of persistent 

fractures. Further from the fault, a 7–10 m thick zone of red-brown rock is present. This rock 

preserves very few signs of its original structure and it is fairly weak, but the intensity of its 

alteration is lower than in the vicinity of the fault. This zone is then bounded by a persistent 

fracture (or a small fault), whose orientation was hard to establish but which seems to be sub-

parallel to the large fault. Further away from the fault, the rock mass bears few signs of high 

chemical alteration and the observed damage is mainly mechanical. On the footwall of the 

fault, the material in the vicinity of the fault has been mechanically damaged, but with 

significantly lower intensity of chemical alteration. 

The second type of defect in the quarry face comprises local shear zones. The shear 

zones form mostly sub-vertical zones of pulverized rock several decimetres wide and are 

approximately north – south oriented. Despite these zones being fairly localised, they are 

usually surrounded by several meters wide zones of more intensive semi-random fracturing 

and joint clusters. The mapping confirmed the findings of Perrin & Hancox (1996) in terms 

of their frequency. 

The last type of the persistent defects on the site comprises local faults. These are 

usually sharply delimited and without a significant infill. Near the surface these faults are 

often partially opened. Although the faults are mostly sub-vertical, abrupt changes in their dip 

can be occasionally observed (Figure 5.6).  
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Figure 5.4: Photo of the quarry face.  Highlighted is the trace of a major fault intersecting the face. 

 
Figure 5.5: Picture of the second uppermost bench of the quarry. The fault, intersecting the bench, can be seen right 

of the centre of the picture. 
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Figure 5.6: Part of the lowermost bench of the quarry, intersected by two local faults (highlighted). The slope above 

the bench is approximately 25 m high. 

 

 

5.1.3. History of the site 

The first remark on mining operations in the area comes from Hislop (1918). In his 

letter, the clerk mentions that ‘… a valuable quarry of building, ornamental and semi-

precious stone has recently been opened up at the Run Round’. Aerial photographs from 

1948 show the quarry already in full operation (Figure 5.7). The quarry operations stopped on 

the 29
th

 February 2000 (Atkinson & Bouzaid 2004). Details of the technologies used for 

excavations are unclear, although blasting was used at least to some extent in later phases of 

the quarrying (Wellington City Council 1990).  
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Figure 5.7: Aerial photograph of the site, taken in 1948. The quarry operations can be seen on the southern flank of 

the now removed spur (the area is highlighted). 
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Figure 5.8: Photo of the quarried spur, taken in 1974 from the east. Wellington City Council (1985). 

 
 

 
Figure 5.9: Photo of the quarried spur, taken in 1974 from the southwest. Wellington City Council (1985). 
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The archive records provide a few remarks on slope movements on the site, but the 

triggering factors are hard to determine. In addition, the morphology of the site has changed 

since those events and thus the implications of the archive documents for the current 

morphology are limited. An exception is a large, relatively shallow slope failure, which 

occured in the area in 1979 (Wellington City Council 1985) (compare Figures 5.8 and 5.9 

with Figure 5.10). This landslide has created a talus of loose scree, which can still be seen 

west of the investigated site. The comparison of the pictures from 1979 and 2015 suggest that 

the fault scarp has since retrogressed towards the ridge crest (Figure 5.11). 

 
Figure 5.10: Photos of a slope movement which occurred in the area in 1979. The left picture includes highlighted 

detachment zone, the path of the released material and the main accumulation and can be found in Wellington City 

Council archives (Wellington City Council 1985). The right picture comes from an unpublished, slightly coffee 

stained memorandum on the landslide, found in the archives of GNS Science and labelled “Owhiro Bay Landslide – 

Photos taken 15 June 1979”. 

 
Figure 5.11: Photo of the site taken in 2016. The area of the 1979 landslide is slightly overgrown (highlighted in red), 

but the progression of the detachment zone is still obvious (highlighted in yellow), as well as another scree cone, 

formed since then (highlighted in green). 

A few conclusions can be drawn from the quarry history. The Quarry operation 

ceased in early 2000 (Atkinson & Bouzaid 2004). It is unclear, however, whether this period 

corresponds also to the last modification of the western part of the quarry face, as Atkinson & 
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Bouzaid (2004) mention slope re-contouring as one of the methods of the site restoration, 

without providing any details. Blasting was also used on site, although it is unknown to what 

extent. Thus it can be anticipated the surface layers are partially affected by blasting and the 

fracture intensity near the surface is, therefore, higher. Nonetheless, due to intense fracturing 

of the intact rock mass and particularly semi-random joints related to the shear zones, 

distinguishing between the unsystematic joints, inherent to the rock mass and described by 

Cook (2001), and blasting-induced fractures is difficult. It is thus unclear whether blasting 

did indeed induce significant new jointing or simply broke the rock along the numerous 

already existing joints. 

 

 

5.1.4. Slope stability 

The signs of slope failures similar to the 1979 event can be found at numerous 

locations along the coastal cliffs in the area. A similar slope failure formed on the western 

edge of the quarry (Figures 5.11 and 5.12). The resulting scree was deposited on the quarry 

benches. The failure is still partially active, with small rock falls often occurring in the 

detachment zone above the scree accumulation and small rock avalanches commonly 

occurring on the scree surface. However, it is unclear whether the entire scree slope was 

formed during a single event, or rather as a result of multiple consecutive smaller rock slides. 

As the scree is partially accumulated on the quarry benches, it can be assumed the slope 

failure (or at least some stages of it) could not have occurred earlier than around 2000.  

The slope failures on the natural slopes of the inland valleys are commonly smaller 

and mostly limited to sharp erosional gullies. 

Slope failures on the cut slopes of the quarry are typically wedge and topple failures 

along persistent defects. Small rock failures occur within the altered rock mass where the 

quarry benches are intersected by the large fault. The source areas of these small failures are 

still active, with large tension cracks extending behind the contemporary face. Similar types 

of failures also occur along the numerous small faults. Apart from the slope failures 

controlled by persistent defects, only limited scree accumulations can be found on the 

benches in the western part of the quarry, suggesting the slopes are relatively stable in the 

western part of the quarry. In the eastern part of the quarry, the accumulations of scree are 

significantly thicker and cover most of the benches. 

As the current slope morphology is relatively recent (created around 2000), the 

observed slope failures provide only limited evidence of the performance of the slope during 

a large-magnitude event. It is likely that the strongest magnitudes of shaking the current 

morphology of the quarry has been exposed to are the local magnitude 6.5 Cook Strait 

earthquake in 2013, with epicentre 45.5 kilometres away, and the highly complex magnitude 

7.8 Kaikoura earthquake in 2016. During the Cook Strait earthquake, the POTS station in 

Wellington recorded the PGA of 0.7 m/s
2
. During the Kaikoura earthquake, the maximum 

PGA recorded by the POTS station was 1 m/s
2
 (the PGA values were taken from the GeoNet 

Strong Motion Database). The accelerations in the Owhiro Bay Quarry were likely slightly 

larger, as the POTS station is approximately 7 km further away from the earthquake 

epicentres. The Cook Strait earthquake did not trigger any large slope failure in the quarry. It 
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is unclear, however, which of the numerous small-scale failures present on the quarry face 

were triggered by this event, and what the contribution of the earthquake was to the formation 

of the large scree slope on the western edge of the site. Our inspection of the site after the 

Kaikoura earthquake revealed multiple new rock falls, although all of them are of relatively 

low volume. However, as the Kaikoura Earthquake was preceded and followed by several 

days of heavy rain, the contribution of the earthquake to the triggering of these rock falls is 

unclear. 
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Figure 5.12: Geomorphological map of the site compiled by B. Rosser, GNS Science (unpublished scientific material). 

Although the quarry face is simplified on the map, the various scree bodies west of the quarry are clearly shown. 



73 

 

5.2. Seismic observation 

 

5.2.1. Seismic recording array 

An array of 3 stations was installed on the site 

between 7.11.2014 and 9.9.2015. Table 5.1 summarises the 

details of the installed stations, while Figure 5.13 shows 

their photos. Station OWQB was used as the reference 

station. The locations of the stations and the investigated 

profile are shown in Figure 5.14.   

 

Station code: OWQB 

GPS 
Coordinates: 

S 41° 20’ 45.24” 

E 174° 44’ 43.799” 

Configuration: Weak motion station 

Bedrock: Unweathered Greywacke 

Site location: At toe of the slope — the second lower-most 
bench of the quarry. 

Station code: OWQX 

GPS 
Coordinates: 

S 41° 20’ 42.504” 

E 174° 44’ 43.799” 

Configuration: Strong motion station 

Bedrock: 
Slightly to moderately weathered 

Greywacke 

Site location: In the central part of the slope —the second 
uppermost bench of the quarry, in the vicinity of the large 
fault (on the foot wall). 

Station code: OWQT 

GPS 
Coordinates: 

S 41° 20’ 39.84” 

E 174° 44’ 47.039” 

Configuration: Weak motion station 

Bedrock: Highly weathered Greywacke 

Site location: On the crest of the ridge. 

Table 5.1: The details of the 3 stations, installed in the Owhiro Bay Quarry. 

 

 

 
Figure 5.13: Photos of the stations in 

the array. From the top: OWQB, 

OWQX, OWQT. 
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Figure 5.14: Locations of the seismic stations with respect to the site topography. The blue circles mark the locations 

of the seismic stations. The green line shows the line of the cross section used in the numerical models. The top of the 

picture is oriented towards geographic north. The North arrow indicates magnetic north, towards which the seismic 

stations were oriented.  
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5.2.2. Recorded earthquake data 

238 events recorded by all stations had sufficient pick clarity and signal-to-noise ratio 

(see also Section 4.5.1) to warrant further analysis (Appendix B.2).  

The earthquakes were predominantly near, weak and relatively shallow (Figure 5.15). 

None of the recorded accelerations (measured on the 10 s s-wave window) exceed 0.06 m/s
2
 

at any of the stations (Figure 5.16), and all the events can, therefore, be classified as weak 

motion. 

 
Figure 5.15: Spatial distribution of the epicentres of the analysed events with respect to the installed array (red 

diamond in the centre of the picture). The left plot shows the depth of the epicentres of the analysed events, while the 

right plot shows the magnitudes of the events (data from GeoNet catalogue). 
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Figure 5.16: Histograms of the recorded PGA of the 238 analysed events.  
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5.2.3. Seismic data analysis: results 

The pre-processed events were analysed in terms of (see Chapter 4 for details): 

 Amplification of the PGA and Arias intensity  

 Signal spectra, including SSR and HVSR 

 Polarisation  

 Effects of the source backazimuth  

 

 

5.2.3.1. Amplification of the PGA and Arias intensity  

 The PGA and Arias intensity amplification ratios were calculated with respect to the 

reference station OWQB. The minimum, mean and maximum values are given in Table 5.2. 

The top station OWQT shows consistent mean PGA amplification for all three 

components. The amplification ratios of the Arias intensity have similar mean values for the 

horizontal components and higher value for the Z00 component. The midslope station 

OWQX shows a slightly larger variability between the mean PGA and Arias intensity 

amplification ratios for the all components.  

  

PGA amplification ratio Arias intensity amplification 

Station Component Min Mean Max Min Mean Max 

OWQT N00 0.7 2.0 4.8 0.8 3.5 9.8 

OWQT E00 0.7 2.0 5.2 0.9 3.4 11.9 

OWQT Z00 0.9 2.0 4.7 1.8 4.2 12.4 

OWQX N00 0.4 0.9 2.0 0.3 0.7 1.5 

OWQX E00 0.4 1.1 2.5 0.3 1.1 2.2 

OWQX Z00 0.6 1.2 3.1 0.9 1.4 2.2 

Table 5.2: The maximum, minimum and mean value of the amplification ratios of PGA and Arias intensity for all 

three components from OWQX and OWQT. The following codes are used for the sensor components: N00 ~ north – 

south; E00 ~ east – west; Z00 ~ vertical component. 

In order to investigate the distribution of the amplification ratios in more depth, 

Figures 5.17 and 5.18 show the histograms of the amplification ratios. The figures show that 

the amplification ratios have significant scatter, although the distributions seem to be 

approximately log-normal in most of the cases. 
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Figure 5.17: Distribution of the PGA amplification ratios from OWQT (left column) and OWQX (right column) for 

each of the three components. The black dashed line shows the geometric mean of the amplification ratios. 
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Figure 5.18: Distribution of the amplification ratios of the Arias intensity from OWQT (left column) and OWQX 

(right column) for each of the three components. The black dashed line shows the geometric mean of the 

amplification ratios. 
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5.2.3.2. Spectral analysis  

The analysed earthquake signals contain predominantly frequencies above 1 Hz 

(Figure 5.19). This is a result of the predominance of low-magnitude (Mw 2–3) events in our 

records, but partly also of the data pre-processing (see Section 4.5.2). 

 
Figure 5.19: Normalized spectra of the 10 s s-wave windows recorded at the reference station OWQB (grey) and the 

mean normalized spectra (red).  

 The HVSR from the bottom station 

OWQB (Figure 5.20) show mean 

amplification of less than 2.2 for both 

horizontal components. 

The HVSR of the N00 components 

of all stations show a peak at the 

frequencies between 1.5 and 2–2.5 Hz. 

The amplitude of this peak increases for 

the stations higher up the slope, and its 

upper frequency limit extends towards 

higher frequencies. This peak is not 

apparent on the approximately ridge-

parallel E00 component.  

The top station OWQT (Figure 5.21) 

shows an average horizontal SSR 

amplification of 2–3 for a wide range of 

frequencies (approximately 2–12 Hz). The 

SSR also indicates a mean vertical 

amplification larger than 2 for frequencies 

6–22 Hz. While the SSR of the E00 

component has distinctive amplification 

over peak around 6–7 Hz, the N00 

component shows multiple peaks of the 

same amplitude.  

 
Figure 5.20: The results of HVSR from the reference 

station OWQB. The first plot shows the results for the 

N00 component (~ north – south), the second plot for the 

E00 component (~ east – west). 
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Figure 5.21: The results of the SSR and the HVSR from stations OWQT (top; left column) and OWQX (midslope; 

right column). The 1
st
, 3

d
 and 5

th
 rows show the results for the components N00, E00 and Z00.  The solid lines show 

the mean value for the spectra, the dotted lines show one geometric standard deviation above and below the mean 

value. The small subplots under each plot show how many signal samples exceeded the SNR threshold at each 

sampled frequency. 

The N00 component from midslope station OWQX shows very low amplification–

low deamplification at frequencies 0.5 – 15 Hz, and clear deamplification above 15 Hz. The 

SSR and HVSR of the E00 component have larger amplitudes (suggesting low amplification) 
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below 15 Hz, and similar deamplification as N00 above 5 Hz. OWQX shows also low mean 

vertical amplification (< 1.6) of SSR. 

 

 

5.2.3.3. Polarisation analysis 

Figure 5.22 shows the polarisation of the PGA amplification ratios for OWQT and 

OWQX stations. Table 5.3 gives the ratios between the maximum and minimum PGA 

amplification ratios. 

The top station OWQT has very low polarisation in the direction 45°–225°. The 

midslope station OWQX shows strong polarisation with a maximum amplification in the 

direction 85°–265°. Deamplification (amplification of 0.9) occurs in a range of directions, 

with the maximum deamplification occurring in the direction 15°–195°.  

Figures 5.23 and 5.24 show the polarisation of the SSR and the HVSR respectively. 

The polarisation of the HVSR from all three stations show a low amplitude peak around 0.8–

1 Hz in the direction approximately 90°–180° (parallel to the elongation of the ridge) and a 

peak at 1.2–2.2 Hz in the direction 10°–190° (perpendicular to the elongation of the ridge). 

These peaks have relatively low amplitudes, although the amplitudes increase for the stations 

higher up the slope (OWQX and OWQT). 

 Stations OWQT and OWQX show a similar pattern of the SSR polarisation at lower 

frequencies (<5 Hz), although the amplitudes are higher for station OWQT: amplification 

between 2 and 3 Hz in the approximate direction 160°–340° and amplification at 3 and 4 Hz 

in a wide range of directions centred around 30°–210°. The amplification pattern for higher 

frequencies is more complex for OWQT station. OWQX station shows 3 distinctive peaks, 

polarised in east-west direction: at 6–8 Hz (with amplitude up to 3 on HVSR), at 8–10 Hz and 

at 14–15 Hz.  

 
Figure 5.22: Polarisation of mean PGA amplification ratios for OWQT (left) and OWQX (right). The lines highlight 

the directions with maximum (solid line) and minimum (dashed line) amplification. The arrows show the dip 

direction of the slope. In case of station OWQX, the two arrows reflect the fact that the slope dip direction changes at 

this location. 
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Figure 5.23: Polarisation of the SSR from OWQT (top) and OWQX (bottom). 
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Figure 5.24: Polarisation of the HVSR from OWQT (top), OWQX (middle) and OWQB (bottom). 
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5.2.3.4. Effects of the source backazimuth 

The predominant backazimuth for the analysed events is either north – northeast or 

southwest, with events in some azimuths rare or absent. The prevalence of the backazimuth 

band 220°–240° in our analysis reflects the earthquake sequence following the 2013 Cook 

Strait Earthquake, which was still active at the time of the field recording on this site. Figure 

5.25 shows a rose diagram of the number of events (grouped into 20 degree wide bands) and 

the locations of the epicentres of earthquakes with respect to the investigated site.  

The results of the analyses are shown in Figures 5.26 and 5.27. Table 5.3 quantifies 

the backazimuth effects on the PGA amplification. 

 
Figure 5.25: The left plot shows the histogram of backazimuths of the analysed events, grouped into 20° wide azimuth 

bands. The radial axis indicates the number of analysed events from each backazimuth band. Apparent is the 

prevalence of the backazimuth band 220°–240°, corresponding to the Cook Strait Earthquake sequence, with the 

backazimuth range 60°–220° being practically without seismic events. The right plot shows the position of the 

epicentres of the analysed with respect to the Owhiro Bay Quarry array (red diamond). 

 
Backazimuth effects Polarisation 

effects 
 

N00 E00 Z00 

OWQT 2.34 3.2 1.59 1.07 

OWQX 1.37 2.44 1.49 1.34 
Table 5.3: Ratios between the maximum and minimum PGA 

amplification, calculated from various source backazimuths and 

from the polarisation analysis. Only the backazimuth bands with 

5 or more events were considered for calculation of the 

backazimuth effects. 
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Figure 5.26: Mean PGA amplification ratio (radial axis) as a function of the source backazimuth. The scatter plots 

show the amplification as a function of the source azimuth for each event, while the bar plots show mean 

amplification ratios for all events within each 20 degree azimuth band. Note the different scales of radial axis for 

OWQT (columns 1 and 2) and OWQX (columns 3 and 4) stations. 
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Figure 5.27: Effects of the source backazimuth (given in degrees) on the SSR from OWQT (left column) and OWQX 

(right column). Radial axis corresponds to the frequency. Note that the spectra from the backazimuth range 80°–220° 

have a limited reliability, as they are based on very low number of events (Figure 5.25). 

With exception of the N00 component from OWQX station, all the components show 

increased amplification of PGA, of varying magnitudes, for the source backazimuths of 

160°–320°.  
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The effects on the SSR vary between the different components of the signals. The 

N00 component of OWQX station shows greater amplification for the events coming from 

east–northeast for the frequencies 2–5 Hz. An amplification peak around 6 Hz is shown by 

the N00 components of both stations for the backazimuth 100°–120°, but as this band 

contained only a small number of events (Figure 5.25), the reliability of this observation is 

disputable.  

 The remaining channels show amplification for the backazimuths between 160° and 

approximately 320° at a wide range of frequencies between 5 and 20 Hz. 

 

 

5.2.4. Seismic data analysis: discussion 

 

5.2.4.1. Spectral analysis and polarisation analysis 

 The HVSR from all stations show a peak at the frequencies between 1.5 and 2–2.5 Hz 

polarised north – south, approximately perpendicularly to the ridge elongation. This peak 

likely represents the fundamental resonance of the ridge. It has relatively low mean 

amplitude, which, however, increases for the midslope and top station (OWQB: 1.8, OWQX: 

2, OWQT: 2.5). The peak is also wider for stations OWQT and OWQX. A second peak, 

polarised in the similar direction (around 4–5 Hz) can be associated with a higher resonance 

mode of the edifice. A small HVSR peak around 0.8–1 Hz, polarised in the direction 90°–

180°, might represent the elongation-parallel resonance of the ridge. 

 The 3 high-frequency peaks, apparent on HVSR and SSR from OWQX (at 6–8 Hz, 8–

10 Hz and at 14–15 Hz) show polarisation in the direction corresponding to the strike of the 

lower part of the slope. The mechanism of such amplification is unclear, although similar 

strike-parallel polarisation has been observed by Del Gaudio & Wasowski (2011). 

 The complex high-frequency amplification pattern at OWQT station, compared to 

OWQX station suggests that while OWQX seems to be controlled predominantly by the local 

geometry of the slope, the amplification pattern at OWQT station reflects the complicated 3D 

geometry of the site.  

In general, stations OWQT and OWQX show a good agreement between the results of 

the SSR and HVSR for frequencies above approximately 2.5 Hz. The mean SSR and HVSR 

for station OWQT match both in shape and the amplitude. This remains somewhat surprising. 

As mentioned in Section 2.3, a common conclusion in the literature (Havenith, et al. 2002; 

Kaiser, et al. 2014) is that both of these methods are prone to certain bias. However, the 

biases have completely different origin (site effects on the reference station for SSR, vertical 

amplification on the site for HVSR). The good match between the SSR and HVSR suggests 

either that neither of these biases is significant over the recorded range, or that some 

mechanism causes ‘communication’ between the two sources of bias so they both affect the 

results in a similar way. 
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5.2.4.2. Effects of the source backazimuth 

Although the data from some backazimuth bands are sparse or lacking, the source 

backazimuth affects the site response both in terms of PGA amplification and SSR.  

OWQX station shows increased amplification from the northeast for frequencies just 

above the fundamental resonance frequency (2–5 Hz). Similar effects were observed for 

instance by Kaiser, et al. (2014), although in their observations the amplified frequency band 

also included the fundamental resonance frequency itself.  

Both OWQX and OWQT show strong effects of backazimuth at frequencies 5–20 Hz. 

These effects thus include the high-frequency response of OWQT and the slope-strike-

parallel amplification at OWQX. The amplification at these frequencies is strongest for the 

seismic events, lying south and west of the site. This amplification is asymmetrical (it is not 

shown by the events, lying in the opposite direction). These observations are in contrast to the 

observations of Hartzell, et al. (2014) and Kaiser, et al. (2014), who observed increased 

amplification for the events with backazimuths lying in the direction of the ridge elongation, 

but to some extent similar to the conclusions of Massa, et al. (2014). 

There are three possible explanations for the origin of the observed dependence, and 

two possible mechanisms.  

The first possible explanation lies in the different pattern of scattering of sub-

topographic wavelengths within the topography itself, possibly combined with generation of 

the surface waves on the slope flanks. The strong dependence of the amplification pattern on 

the incidence angle was shown for instance by Tsaur & Chang (2009). The SSR shows the 

strongest backazimuth effects at relatively high frequencies, for which the topographic 

scattering is likely to take place. 

The second possible origin of these observations is the scattering of the surface waves 

due to the topography to the north of the ridge (this topography is absent to the south). This 

effect has been described for instance by Pedersen, et al. (1994) and Lee, Chan, et al. (2009).  

The third factor might be local geology and the interaction with the local geological 

structures.  

Our data do now allow for clear quantification of the relative contribution of these 

three mechanisms to the observed effects.  However, the effect of wave scattering remains the 

most probable major contributor to the observed dependence. The effect of backazimuth is 

strongest at frequencies > 5 Hz, at which wave scattering becomes important. In addition, the 

steeper dip of the quarry face increases the relative incidence angle of the waves hitting this 

part of slope, thus making the generation of surface waves more likely.  

In the literature, the effects of the source backazimuth have been mostly reported for 

local earhquakes. The maximum epicentral distance for which the effects of backzimuth can 

be expected varies between various authors (see also Section 2.2.3). As Figure 5.28 shows, 

over 50% of the epicentres of our analysed events were within 70 km from the array, which is 

greater than the distance noted by Massa, et al. (2010), but of the same order. As shown in 

Appendix B.3, the effects of the backazimuth are strongest for the events with the epicentral 

distances < 70 km, but certain effects of the backazimuth effects can still be seen for the 

events with epicentral distance over 70 km and even over 200 km. The likely explanation lies 

in the fact that the distant events were predominantly relatively shallow (Figure 5.15). In the 

geological conditions of the site (characterised by a lack of a sharp velocity contrast in the 
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underlying material), a non-zero incidence angle is likely even for those events (R Benites, 

2016, pers.comm, 12.10.2016). 

 
Figure 5.28: Histogram of the epicentral distances of the recorded events. An obvious drop in the histogram after the 

70 km is caused by the fact that the analysed Mw < 3 events were searched only for the epicentral distances lower 

than 70 km (Section 4.5.1). 

Hovno hovno hovno hovno… 

 

5.3. Numerical modelling of seismic site effects 

We undertook a parametric study of seismic site effects at Owhiro Bay Quarry using 

numerical models. These were validated using the field data (presented in Section 5.2). 

 

 

5.3.1. Model setup 

 Based on the analysis of the field data, the upper cut-off frequency for our models was 

set to 25 Hz (see also Section 4.6.6). 

 

 

5.3.1.1. Topography 

The topography was derived from the detailed topography from the 2013 LiDAR data 

(Figure 5.14). The profile was simplified in order to reduce the numerical noise. The real 

topographic profile and its simplified version are shown in Figure 5.29. 
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Figure 5.29: Detailed topography (black dashed line) and the derived simplified topography used in the models (solid 

grey line). 

 

 

5.3.1.2. Velocity profiles 

Five velocity profiles were tested (the brackets give the codes used for profile 

identification). The velocity profiles are shown in Figure 5.30. 

1. Homogeneous profile (OWQ01). This profile considers the whole topography to be 

homogeneous. Its purpose is to examine the effects of the topography itself without 

any impedance contrast. 

2. Deep, stepped weathering profile (OWQ02). This profile represents weathering 

extending up to 50 m depth. The profile comprises the homogeneous base of the 

model with two subsurface layers representing moderately weathered and highly 

weathered materials. In this profile, the scree bench at the toe of the slope was not 

considered. 

3. Moderately deep, stepped weathering profile (OWQ10). This profile represents 

weathering extending to a shallower depth than OWQ2 (up to 30 m). The bench at 

the toe of the slope was considered in this model. 

4. Moderately deep, gradual weathering profile (OWQ12). This profile is similar to 

profile OWQ10. Unlike OWQ10, however, the material properties change gradually 

towards the surface. The gradient was created using the algorithm described in 

Appendix A.3.  

5. Deep, stepped weathering profile with variable weathering thickness (OWQ14). This 

profile was created with the contribution of N. Perrin, GNS Science. In this profile, 

the fact that the thickness of weathering is likely to decrease on the left (northern) 

flank of the slope as a consequence of geomorphological evolution of the site was 

considered. The bench at the toe of the slope was considered in this profile. 
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Figure 5.30: Central part of the velocity profiles used in our models. The left column shows the s-wave velocities (Vs), 

the right column shows the p-wave velocities (Vp). 

 

 

5.3.1.3. Mesh construction 

Lateral boundaries equal to three times the topography width (approximately 1650 m) 

were used in our models of Owhiro Bay. The thickness of the underlying block was set to 

twice the topography height (360 m in its lower, right side). Domains with two mesh cell 

sizes were used. A 5 m mesh was used for the base of the model and its lateral boundaries, 

while a 1 m mesh was used within the topography itself (Figure 5.31).  
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Figure 5.31: Mesh cell size domains used for the models. The blue region has a mesh cell size of 5 m. The yellow 

region has mesh cell size of 1 m. 

 

 

5.3.1.4. Input signals 

The input signals were derived from the N00 and Z00 components of the acceleration 

histories recorded at the bottom station OWQB. The signals were cropped and filtered with a 

Butterworth bandpass filter with corner frequencies of 0.5 and 15 Hz with 10 npoles, in order 

to avoid the frequencies above 25 Hz in the model. The Fourier amplitude spectra of the 

acceleration histories are shown in Figures 5.32–5.34. The signals were then upscaled and 

converted into stress histories. The following signals were used: 

 GeoNet Public ID: 2014p901017. Magnitude 5. Signal length 122 sec.  

 GeoNet Public ID: 2014p980148. Magnitude: 2.2. Signal length 19 sec. 

 GeoNet Public ID: 2015p271070. Magnitude 3.3. Signal length 23 sec. 

 
Figure 5.32: Horizontal and vertical acceleration spectrum of the signal 2014p901017, used for our models of Owhiro 

Bay Quarry. 
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Figure 5.33: Horizontal and vertical acceleration spectrum of the signal 2014p980148, used for our models of Owhiro 

Bay Quarry.  

 
Figure 5.34: Horizontal and vertical acceleration spectrum of the signal 2014p271070, used for our models of Owhiro 

Bay Quarry. 
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5.3.1.5. History Points 

77 history points were located at the surface of the model and numbered 101–177. 

The highest concentration of points was located at the modelled body of the ridge itself. The 

history point 131 coincides with the location of OWQT station, point 141 with the location of 

OWQX station and point 152 with the location of OWQB station (Figure 5.35). The spatial 

distribution of all history points can be found in Appendix B.5. 

 
Figure 5.35: Spatial distribution of the history points in the central part of our models. Highlighted are the history 

points coinciding with the seismic stations in the field. 
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5.3.2. Model results 

 Similarly to the analysis of the seismic field data, the model results were analysed in 

terms of their spectra and PGA. 

 

 

5.3.2.1. Spectral analysis 

In this section we mostly focus on the detailed analysis of the spectra from the three 

history points, highlighted in Figure 5.35. 

The results can be summarised as follows:  

 The fundamental resonance frequency for amplification at the ridge top is around 1.6–

2 Hz. This frequency does not change for different velocity profiles, but its amplitude 

does. Towards the ridge toe, a fundamental resonance peak is present, but shifts 

towards the lower frequencies and lower amplitudes with increasing distance from the 

top. 

 The toe of the slope shows deamplification for most of the frequencies. Some of the 

deamplification troughs are sharp. 

 The pattern of SSR above the fundamental frequency is less systematic. In the regions 

where the velocity profiles differ, the high-frequency amplification is also 

significantly different. In the areas where the models have the same velocities (such as 

on the toe of the slope) the difference is far less profound. 

Figures 5.36 and 5.37 show the horizontal and vertical SSR from all the modelled 

velocity profiles using the input signal 2014p901017. Figures 5.38 and 5.39 compare the 

results from the various input motions for each velocity profile. The results from the models 

using the other two input signals follow the same pattern and can be found in Appendix B.6. 

From these plots, several observations can be made. 

 In general, the horizontal SSR is highest at the top of the ridge, reaching a magnitude 

of up to 3.7 for the deepest weathering profile OWQ02 (Figure 5.36a). The first amplification 

peak at the top of the ridge (point 131) occurs around 1.6–2 Hz. Above this peak, the SSR is 

more complex and the difference between the models with different velocity structures is 

significant. The strongest amplification occurs at these higher frequencies. 

The horizontal SSR for a single velocity profile does not change significantly for 

different input motions (Figure 5.38), especially at the top of the ridge. 

The vertical SSR (Figure 5.37) show somewhat irregular amplification patterns. The 

maximum amplification ratios vary between signals from 2.5 to approximately 6. In general, 

the amplification in the vertical direction does not increase towards the ridge crest, but is 

highest on the ridge flanks. In contrast to the horizontal SSR, the vertical SSR show a 

significant difference between the various input signals (Figure 5.39). Similarly to the 

horizontal SSR, the difference between the vertical SSR from various velocity profiles is 

most profound at higher frequencies. 

Worth noting is the deamplification at frequencies above approximately 10 Hz. 

Although we chose the parameters for Rayleigh damping such that the damping curve for 

these frequencies is not significantly frequency dependent (Section 4.6.9), a slight increase in 
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damping still occurs at frequencies above 10 Hz. This effect was partly desired to ensure 

damping of the high-frequency noise. 

In order to qualitatively illustrate the model-wide spectral amplification patterns, the 

SSR from all the history points are plotted against their horizontal coordinates (Figures 5.40 

and 5.41). The plots for the remaining combination of velocity profiles and input signals are 

in Appendix B.7. The plots were created from all history points in the model, with the values 

of SSR between the points interpolated using linear interpolation. Because the density of the 

installed history points in the model decreases from the centre towards the sides, the model 

edges have lower resolution, and aliasing occurs at higher frequencies.  
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Figure 5.36: Horizontal SSR from all the velocity profiles at a) the top of the ridge; b) the midslope point; and c) the 

toe of the ridge. The plots show the results obtained from the models using the signal 2014p901017 as the input. 
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Figure 5.37: Vertical SSR from all the velocity profiles at a) the top of the ridge; b) the midslope point; and c) the toe 

of the ridge. The plots show the results obtained from the models using the signal 2014p901017 as the input. 
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Figure 5.38: Comparison of the horizontal SSR for the history points 131, 141 and 152 (each column shows the data 

from one history point) and each of the velocity profiles (each row corresponds to one velocity profile). Each line in a 

subplot represents the results obtained using one input signal. 
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Figure 5.39: Comparison of the vertical SSR for the history points 131, 141 and 152 (each column shows the data from 

one history point) and each of the velocity profiles (each row corresponds to one velocity profile). Each line in a 

subplot represents the results obtained using one input signal. 



102 

 

 

 

 
Figure 5.40. The top figure shows the horizontal SSR (colour) as the function of the frequency (vertical axis) and their 

X coordinates (horizontal axis). This way it is possible to see how the SSR changes across the whole model. The black 

triangles at the bottom of the top plot show the x-coordinates of the actual history points used for the analysis. The 

bottom plot shows the topographic profile across the model with the same the x-scale as the top picture, so position 

within the model can be immediately seen. 
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Figure 5.41. The top figure shows the vertical SSR (colour) as the function of the frequency (vertical axis) and their X 

coordinates (horizontal axis). This way it is possible to see how the SSR changes across the whole model. The black 

triangles at the bottom of the top plot show the x-coordinates of the actual history points used for the analysis. The 

bottom plot shows the topographic profile across the model with the same the x-scale as the top picture, so position 

within the model can be immediately seen. 

5.3.2.2. Analysis of PGA 
In addition to the spectral analysis, the results of the numerical models were analysed 

in terms of the PGA. The plots showing the horizontal and vertical PGA recorded in the 

models are shown in Figures 5.42 and 5.43. 
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Figure 5.42: Horizontal PGA, as recorded within the central part of the models. Each row shows the results for one 

velocity profile (the codes of the profiles are in the subplot headers); each column shows the results from one seismic 

input signal. 



105 

 

 

 

 
Figure 5.43: Vertical PGA, as recorded within the central part of the models. Each row shows the results for one 

velocity profile (the codes of the profiles are in the subplot headers); each column shows the results from one seismic 

input signal. 
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5.3.2.3. Comparison between the numerical models and the field data 

 First, the average ‘real’ SSR (with respect to the input signal), for all modelled 

velocity profiles (calculated from the 3 modelled events) were compared with the average 

field SSR and HVSR for all 238 analysed events (Figures 5.44–5.46). 

 
Figure 5.44: Comparison of the average horizontal ‘real’ SSR from the numerical models with the average field SSR. 

The geometric mean of the field SSR is plotted with a full green line; the dotted lines show one geometric standard 

deviation from the mean. 
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Figure 5.45: Comparison of the average vertical ‘real’ SSR from the numerical models with the average field SSR. 

The geometric mean of the field SSR is plotted with a full green line; the dotted lines show one geometric standard 

deviation from the mean. 
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Figure 5.46: Comparison of the average horizontal ‘real’ SSR from the numerical models with the average field 

HVSR. The geometric mean of the field HVSR is plotted with a full green line; the dotted lines show one geometric 

standard deviation from the mean. 

The match between the model ‘real’ SSR and field SSR is better for the horizontal 

direction than for the vertical direction and is slightly better for the top station than for the 

midslope station. The match is the best for the velocity profiles OWQ02, OWQ10 and 

OWQ14. 

The agreement in terms of the frequency of the first, ‘fundamental resonance’ peak is 

poor between the models and the field SSR, but good between the models and the field 

HVSR.  For the top station, some of the higher-frequency features (such as the peak around 

10 Hz) seem to occur in some of the models, while other peaks (such as those around 3–5 Hz) 

are not shown by the models. 
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The second approach consisted of comparison of ‘apparent’ SSR (Section 4.6.12) with 

the event-specific SSR of the full signals from the field. Using this method, it becomes 

apparent that the velocity profile OWQ14 (decreasing thickness of the weathering profile) and 

OWQ12 (gradual velocity contrast) provide the best match with the field data 

The plots comparing both horizontal and vertical ‘apparent’ spectral ratios from the 

best fitting velocity profile OWQ14 are shown in Figures 5.47 and 5.48. Plots showing the 

field SSR and the ‘apparent’ SSR from other velocity profiles can be found in Appendix B.8. 

Using this methodology, the match between the numerical models and the field data 

improves. Unlike the comparison between the model average ‘real’ SSR and mean field SSR, 

the ‘apparent’ SSR matches field SSR with reasonable accuracy over the full range of 

investigated frequencies. Although the exact frequency of the first peak is still slightly shifted 

between the models and the field observation, the difference is relatively minor 

(approximately 2.8 vs 3), as can be seen in Appendix B.8. Some velocity profiles (OWQ10, 

OWQ12 and OWQ14) even reach similar amplitudes of the peak, at least at point 131. The 

match for the ‘apparent’ SSR from point 141 is generally lower than from point 131, but 

improved compared to the comparison using the ‘real’ SSR.  
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Figure 5.47: Comparison of the horizontal ‘apparent’ SSR for the velocity model OWQ14 with the field SSR over the 

input signal time window, for single events. The orange line shows the field observations; the green line shows the 

results from the model. The left column shows the results for point 131 (coinciding with station OWQT), the right 

column shows the results for point 141 (coinciding with station OWQX). 
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Figure 5.48: Comparison of the vertical ‘apparent’ SSR for the velocity model OWQ14 with the field SSR over the 

input signal time window, for single events. The orange line shows the field observations; the green line shows the 

results from the model. The left column shows the results for point 131 (coinciding with station OWQT), the right 

column shows the results for point 141 (coinciding with station OWQX). 
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5.3.2.4. Model discussion 

The amplification peak recorded at the top point 131 (Figure 5.36a) at frequencies 

1.6–2 Hz represents the fundamental resonance frequency of the ridge since it is present for 

the homogeneous model OWQ01. The amplitude of the peak is higher in the models including 

geological layers, but the frequency of the peak does not change. The top of the homogeneous 

model OWQ01 also shows second broad peak of amplification (5–15 Hz), which is separated 

from the fundamental resonance peak by a zone of very limited amplification. For the models 

containing low-velocity layers, this second peak is further amplified and the zone of low 

amplification between this peak and the fundamental resonance peak mostly disappears. For 

points located in lower parts of the slope, the frequency range for the horizontal fundamental 

resonance peak is shifted towards the lower frequencies (Figures 5.36b, 5.40 and Appendix 

B.7). The SSR above the fundamental resonance peak shows zones of intensive 

deamplification. These are the result of two effects. The first is the formation of relatively 

stable nodes within the resonating ridge body. The second is the interference of the upcoming 

waves with the waves reflected by the 2D morphology above. These effects dominate site 

effects the toe of the slope (Figure 5.36c). There, the remnants of the fundamental resonance 

peak still occur at frequencies less than 1.2 Hz, but the station gets mostly deamplified at 

higher frequencies. The fact that the fundamental resonance peak starts at low frequencies at 

the bottom of the slope and gradually shifts to higher frequencies towards the top is likely due 

to the width of the ridge decreasing towards the top, where the upper parts of the ridge 

resonate at higher frequencies than the bottom parts. The wide fundamental resonance peak 

near the top thus reflects the superimposed resonance of the whole ridge body, while points 

on the ridge flanks are affected only by the resonance of the ridge body below them. 

The vertical SSR near the top of the ridge (Figures 5.37, 5.39 and Appendix B.6) show 

a smooth low-frequency and low-amplitude peak, resembling the horizontal fundamental 

resonance peak. Higher frequencies are dominated by a rather regular pattern of amplification 

peaks and troughs. These have the highest amplitudes on the ridge flanks. Their amplitude 

and to some extent their shape vary strongly between the input signals. At high frequencies 

they tend to be strongest in the near-surface zone (Figure 5.43). This suggests that these are 

caused mainly by generation of the surface waves by the horizontal motion, and their 

interference with the upcoming and reflected waves. 

The first phenomenon shown by the analysis of PGA (Figures 5.42 and 5.43) is the 

strong dependence of the PGA amplification pattern on the seismic input signal.  

In general, the low-magnitude events 2014p980148 and 2015p271070 contain 

predominantly high frequencies and thus the PGA amplification pattern is controlled by the 

interference of the reflected sub-topographic wavelengths and the resonance of the low-

velocity layers. The amplification patterns of these signals also vary significantly between the 

velocity profiles. 

The magnitude 5 signal 2014p901017, dominated by low-frequency waves, produced 

mostly a uniform pattern for all the velocity profiles and the difference between the models is 

mainly in the amplitude of the recorded PGA. This behaviour is similar to the behaviour of 

the fundamental resonance peak in the spectral analysis, confirming that the PGA pattern is 
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mostly controlled by the fundamental resonance of the topography. Nonetheless, 

amplification within the low-velocity layers due to the impedance contrast is still apparent 

when comparing the results from the homogeneous profile OWQ01 to the remaining models. 

The patterns of the vertical PGA are markedly different from the horizontal PGA, and 

seem to be dominated by two phenomena. The first one is the aforementioned generation of 

vertical motion within the near-surface zone. This effect is particularly strong for the event 

2015p271070, and can also be observed in the SSR (Figure 5.39). The second phenomenon is 

a strong and deeply penetrating amplification on the hill flanks. This amplification is highly 

localised, even for the low-frequency dominated signal 2014p901017. 

 

 

5.3.2.5. Interpretation of the field data in context of the model results 

The relatively good match obtained using the ‘apparent’ SSR allows for better 

interpretation of the field data using the results of the numerical models. 

The location of the reference station is strongly affected by site effects, predominantly 

by deamplification. This observation highlights the importance of treating the results of the 

SSR with caution. 

The horizontal amplification at the fundamental resonance peak approaches 2 in the 

ridge-perpendicular, modelled, direction. This peak is visible on the field HVSR, while on the 

field SSR this peak is obscured by site effects at the reference station.  

For frequencies above the fundamental resonance frequency, the ridge crest 

experiences horizontal amplification of about 1.5 to 2 for a wide range of frequencies. Our 

models confirm that the magnitude of such amplification is dependent on the thickness of the 

weathered zone, its wave velocity, and also on the gradient of the velocity change. Multiple 

narrow frequency bands where the amplification reaches a factor of 3 or more are possible at 

frequencies above the fundamental resonance frequency. Our models suggest that one of these 

frequency bands ranges between 10 and 15 Hz. The vertical amplification includes 

amplification at low frequencies (approximately 1–4 Hz) and several relatively sharp 

amplification peaks on higher frequencies, possibly around 7–8 Hz and around 12–13 Hz. The 

models suggest the vertical amplification is relatively low (< 1.5–2 at lower frequencies and < 

2–3 at the high-frequency peaks). 

The slightly worse match between the modelled data and the field observation for the 

midslope station makes it difficult to draw definite conclusions about the station’s behaviour 

and consequently about the behaviour of the southern ridge flank in general. The station 

shows a fundamental resonance peak between 0.5 and 2.5 Hz, with its maximum amplitude of 

approximately 1.5. The upper limit of this peak, as well as its amplitude, decreases towards 

the ridge toe. At frequencies between the fundamental resonance peak and 15–20 Hz, site 

effects comprise a combination of localised amplification peaks with amplitude up to 3 and 

deamplification troughs. Above 15–20 Hz, deamplification predominantly occurs on the 

southern flank of the ridge. 
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5.4. Conclusions 

 The top station OWQT shows mean PGA amplification ratio of 2 for all three 

components. The mean PGA amplification ratios from the midslope station OWQX 

range from 1.1 to 0.9, thus indicating low amplification to low deamplification at this 

station. 

 The fundamental elongation-perpendicular resonance of the ridge crest occurs between 

0.5–1 Hz and 2.5 Hz, with the upper frequency limit decreasing towards the ridge toe. 

The amplitude of the fundamental resonance peak is relatively low (< 2). The 

fundamental resonance peak is shown consistently by numerical models and by the 

field HVSR from both OWQX and OWQT, while on the SSR, this peak is obscured by 

site effects at the reference station. A second peak polarised in the ridge-perpendicular 

direction is apparent in the field data at 4–5 Hz. This peak might be associated with the 

higher resonance mode of the ridge. Source backazimuth has only a minor effect on the 

amplitudes of the resonance peaks. 

 The ridge crest experiences amplification of about 1.5 to 2 at frequencies between the 

fundamental resonance frequency and approximately 20 Hz. Within this frequency 

range, multiple peaks with amplitude up to 3 do occur. These peaks are mostly 

polarised in the ridge-perpendicular direction. 

 Site effects at the OWQX station comprise low amplification (mostly < 2 on HVSR 

and < 1.5 on SSR) at frequencies below 15–20 Hz, and deamplification above these 

frequencies. Two distinctive phenomena can be distinguished in the response of 

OWQX station. The first phenomenon is the aforementioned fundamental resonance at 

0.5–2 Hz and possibly the higher resonance mode at 4–5 Hz. The second phenomenon 

is amplification polarised approximately in the direction parallel to the strike of the 

slope below the station. This amplification forms 3 peaks: at 6–8 Hz (with amplitude 

up to 3 on HVSR), at 8–10 Hz and at 14–15 Hz. The mechanism forming this 

polarisation has not been identified, although similar phenomenon has been described 

in the literature (Del Gaudio & Wasowski 2011). This amplification is more profound 

for earthquakes with source backazimuths between 160° and 320°. 

 A reasonable match between the numerical models and the field observations is found 

in the frequency domain for the horizontal components. In general, the velocity profile 

OWQ14 (decreasing thickness of the weathering profile) provides the best match with 

the field data. 
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Chapter 6: Breaker Bay Cliff 
 

 Breaker Bay is one of the bays along the southeastern coast of the Miramar Peninsula, 

east of the Wellington city centre. The northern side of the bay is formed by a beach and a 

low ridge and is used for recreation purposes. On the western side of the bay the terrain rises 

steeply towards the top of Beacon Hill. The Beacon Hill Signal Station, located near the hill 

top, provides a major communication facility for shipping in Wellington Harbour. The eastern 

slopes of Beacon Hill are mostly vegetated, while the rest of the area has been used for 

residential development. The dominant morphological feature of the bay is the Breaker Bay 

Cliff. The western side of Breaker Bay, including Breaker Bay Cliff and the southeastern 

flank of Beacon Hill, was investigated during this research (Figure 6.1). 

 
Figure 6.1: Western side of the Breaker Bay. The red ellipse highlights the Breaker Bay Cliff, while the yellow ellipse 

highlights the location of the Beacon Hill signal station. 

 

 

6.1. Site characteristics 

This section describes the site topography, geology and history. 

 

 

6.1.1. Topography 

 Breaker Bay is located in the southeastern part of the Miramar Peninsula. The eastern 

side of the peninsula is formed by an approximately north – south elongated ridgeline. West 

of the ridgeline lies a densely built-up plain where the suburb of Miramar is located. On its 

eastern side, the ridgeline is mostly bounded by a series of small bays at the Wellington 

Harbour entrance (Figure 4.1). A flat platform of variable width (up to 70 m at the site of 
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investigation) was formed between the eastern ridgeline toe and the sea shore. This platform 

most likely represents the remnants of a former shore platform, uplifted during the 1855 

Wairarapa Earthquake and subsequently modified by construction works.  

Beacon Hill (134 m above the sea level) is one of the local summits along the 

ridgeline. South of the summit lies an isolated north – south elongated spur, splitting off the 

main ridge (Figure 6.3). The southeastern flank of the hill is bounded by series of steep 

erosional slopes. The highest of them is the 80 m high Breaker Bay Cliff.  

The cliff morphology is dominated by a series of persistent, steeply dipping, parallel 

surfaces striking approximately northeast – southwest. The predominant dip of the cliff 

increases towards the cliff top, giving the cliff a slightly concave shape (as can be seen in 

Figures 6.24 and 6.25). The face can be divided into four principal levels based on their 

morphology (Figure 6.2). 

I. The lowermost level of the cliff face is almost entirely covered by a loose scree 

talus. At numerous places the talus has been undercut or completely removed 

during the construction of the houses at its toe.  

II. The central part of the face, reaching up to approximately half of the cliff, is 

characterised by the aforementioned persistent and relatively undisturbed 

planar surfaces.  

III. In the upper part of the cliff, the planar surfaces are still apparent, but they are 

heavily disturbed by local slope failures and erosional features.  

IV. The uppermost 20% of the cliff face show nearly no signs of the persistent 

surfaces or jointing.  

The crest of the spur above the cliff face has a relatively low dip. The transition 

between the cliff and the ridge line has thus a strongly convex shape (Figures 6.24 and 6.25). 

The most dominant slope angle in the area is around 30°, which is consistent with the 

whole region (Figure 6.4). The site differs from the rest of the region by significantly higher 

contribution of slopes steeper than 40°, and in particular by significantly larger relative 

percentage of slopes steeper than 60°. This reflects mainly the presence of the aforementioned 

cliffs, although some of the steep slopes represent local manmade cuts (Figure 6.3). 

The area is mostly overgrown by dense shrubs and low trees. 
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Figure 6.2: Four levels of the cliff face, defined based on their morphology. The boundaries shown are only 

approximate. 
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Figure 6.3: Shaded topography (upper figure) and the map of the slope angles (bottom figure) in the area of the 

investigated site. The red ellipse highlights the southern flank of Beacon Hill, investigated during this research. 
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Figure 6.4: Histogram of the relative area covered by slopes of various angles at the Breaker Bay Cliff site. The area is 

measured in the horizontal plane. 

 

 

6.1.2. Geology and slope stability 

 Unfortunately, safety considerations highly restricted our access to the cliff face itself. 

Our field documentation is thus limited to two locations on the cliff face (one at the face 

bottom and one in its central part above the scree level), to the scree body and to several 

manmade cuts in various parts of the hill. 

 The bedrock within the cliff face is dominated by massive sandstone. The jointing of 

the rock mass is closely to moderately widely spaced, with the predominant block size 

between 5 and 30 cm. The parallel planes described in Section 6.1.1 likely correspond to a 

series of parallel shear zones, one of which outcrops at the toe of the slope. 

 Although the weathering profile of the cliff face is hard to establish with certainty due 

to the restricted access, some conclusions still can be drawn based on the visual appearance of 

the 4 principal cliff face levels (Table 6.1).  

 
Table 6.1: Approximate weathering grades of the four principal levels of the cliff face. Multiple possible weathering 

grades given for some levels reflect the uncertainty, arising from the visual inspection. Following abbreviations were 

used to represent the weathering grades: UW ~ Unweathered, SW ~ Slightly Weathered, MW ~ Moderately 

Weathered, HW ~ Highly Weathered, CW ~ Completely weathered. 

The outcrops in the upper, flatter part of Beacon Hill reveal predominantly highly and 

completely weathered greywacke, in some zones intensely folded. 

 Between the toe of the scree cone at the toe of the slope and the sea shore are multiple 

terrain steps on which houses and a road have been built. These platforms were likely created 

partly as cuts in the scree, partly as manmade fill. The spatial distribution, character or 

thickness of the materials in this area was unknown to us. However, the maximum depth of 

bedrock can be constrained by the level on which the bedrock outcrops along the adjacent 

coast. 

I II III IV

Level bottom UW SW or MW MW MW or HW

Level top SW or MW MW MW or HW HW or CW

Level

Weathering 

grades
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Numerous small fill bodies are also likely associated with the construction of the 

houses and infrastructure at the slopes and top of Beacon Hill. The natural slopes are mostly 

covered by colluvium and soil up to 0.5 m thick. 

With the exception of the large scree body, covering level I of the cliff face, no signs 

of active large slope deformations were found on site. The surface layer of the cliff face levels 

II and III is loosened, with frequent open joints and semi-stable hanging blocks (Figure 6.5). 

These levels are the main source of the material for the aforementioned scree. Based on an 

interview with a property owner at the toe of the slope, small scale failures do occasionally 

occur from these levels, but large-scale failures are rare. The surface of level IV seems to be 

stable and overgrown by vegetation even in its steepest, sub-vertical parts. 

In recent history, the cliff was exposed to two relatively strong seismic events: the 

local magnitude 6.5 Cook Strait earthquake in 2013, with epicentre 45.5 kilometres away, and 

the highly complex magnitude 7.8 Kaikoura earthquake in 2016. During the Cook Strait 

earthquake, the POTS station in Wellington recorded a maximum PGA of 0.7 m/s
2
 in the 

north – south direction. During the Kaikoura earthquake, the maximum PGA recorded by the 

same station was 1 m/s
2
 in the direction 30°–210° (the PGA values are from the GeoNet 

Strong Motion Database). The Cook Strait earthquake triggered small rock falls from the cliff 

face, while during the Kaikoura 

earthquake the cliff remained stable 

(Mathews, G, 2016, pers.comm, 17 

November). One of the reasons for the 

triggering of rock fall by the weaker 

Cook Strait earthquake and not by the 

Kaikoura earthquake might be the 

relatively larger amplitudes of the 

waves above 3 Hz in the Fourier 

amplitude spectrum of the Cook Strait 

earthquake (the records used for the 

comparison were from the POTS 

station in Wellington). The frequencies 

> 3 Hz are in the range where the 

amplification on the site was observed 

(see also Section 6.2.). 

  

 

 

 

 

 

 
Figure 6.5: Character of the cliff face in the bottom part of level 

II. 
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6.1.3. History of the site 

 A quarry named ‘Branda Quarry’ was in operation in the area of the current Breaker 

Bay Cliff at the beginning of the 20
th

 century (Leslie 1919) (Figure 6.6). However, the 

information on the operation of the quarry in the available literature is sparse. The latest 

mention of the Branda Quarry in the old newspaper archive PapersPast (National Library of 

New Zealand) comes from 1942. We can, therefore, assume the quarry was abandoned soon 

after that.  

 It remains unclear to what extent the quarry operations affected the morphology of the 

cliff face. As mentioned in Section 6.1.1, the morphology bears no morphological features 

commonly associated with quarrying (such as benches etc.). One reason for this might be that 

the quarrying was done on a small scale and at the toe of the already existing cliff, and its 

remains were overprinted by subsequent housing development in the area. However, a second 

explanation is also possible. As apparent from Figure 6.3, the cliff face described is both 

incised towards the ridge body and steeper than the surrounding erosional slopes. It is possible 

that the quarry operations were the primary cause of such incision and that the contemporary 

signs of quarrying were subsequently erased by the slope failures along the cliff-parallel shear 

zones which dominate the current morphology. 

 Since the archive records from this area are sparse and the comparison of historic and 

current photos (Figures 6.6 and 6.7) does not allow for drawing a definite conclusion, the 

origin of the current cliff face morphology remains unclear. 

 
Figure 6.6: View over the site of the current Breaker Bay Cliff, as captured in 1919. In the centre of the picture is the 

Branda Quarry in operation (Leslie 1919). 
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Figure 6.7: View over the site of the current Breaker Bay Cliff, taken by the author in 2015 from the angle similar to 

Figure 6.6. 
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6.2. Seismic observation 

 

 

6.2.1. Seismic recording array 

An array of 3 stations was installed on the site 

between 31.3.2015 and 10.3.2016. The installation and 

operation of the seismic array on the site was carried out 

with consent of the affected land owners. Table 6.2 

summarises the details of the installed stations, while 

Figure 6.8 shows their photos. Station BBCB was used as 

the reference station. The locations of the stations and the 

investigated profile are shown in Figure 6.9.  

Station code: BBCB 
GPS 

Coordinates: 

S 41° 19’ 53.183” 

E 174° 49’ 46.559” 

Configuration: Weak motion station 

Bedrock: Partially excavated scree 

Site location: At the toe of the slope, in a small manmade 
cut at the toe of the scree cone. 

Station code: BBCX 

GPS 
Coordinates: 

S 41° 19’ 52.536” 

E 174° 49’ 44.04” 

Configuration: Strong motion station 

Bedrock: 
Colluvium overlying highly or completely 

weathered greywacke 

Site location: At the convex break of the slope, on a flat 
clearing 2 m from the top edge of the cliff. 

Station code: BBCT 

GPS 
Coordinates: 

S 41° 19’ 46.956” 

E 174° 49’ 43.68” 

Configuration: Weak motion station 

Bedrock: 
Colluvium overlying completely weathered 

greywacke 

Site location: On the crest of the ridge near the top of 
Beacon Hill. 

Table 6.2: The details of the 3 stations, installed in the Breaker Bay Cliff 

area. 

 

 

 
Figure 6.8: Photos of the stations in 

the array. From the top: BBCB, 

BBCX (L. Janků for scale), BBCT. 
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Figure 6.9: Locations of the seismic stations with respect to the site topography. The blue circles mark the locations of 

the seismic stations. The top of the picture is oriented towards geographic north. The North arrow indicates magnetic 

north, towards which the seismic stations were oriented.  
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6.2.2. Recorded earthquake data 

250 events recorded by all stations had sufficient pick clarity and signal-to-noise ratio 

(see also Section 4.5.1) to warrant further analysis (Appendix C.1). 

The earthquakes were predominantly near, weak and relatively shallow (Figure 6.10). 

None of the recorded accelerations (measured on the 10 s s-wave window) exceed 0.1 m/s
2
 at 

any of the stations (Figure 6.11), and all the events can, therefore, be classified as weak 

motion. 

 
Figure 6.10: Spatial distribution of the epicentres of the analysed events with respect to the installed array (red 

diamond in the centre of the picture). The left plot shows the depth of the epicentres of the analysed events, while the 

right plot shows the magnitudes of the events (data from GeoNet catalogue). 

  



126 

 

 

 

 

 

 
Figure 6.11: Histograms of the recorded PGA of the 250 analysed events. 
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6.2.3. Seismic data analysis: results 

The pre-processed events were analysed in terms of (see Chapter 4 for details): 

 Amplification of the PGA and Arias intensity  

 Signal spectra, including SSR and HVSR 

 Polarisation  

 Effects of the source backazimuth  

 

 

6.2.3.1. Amplification of the PGA and Arias intensity  

The PGA and Arias intensity amplification ratios were calculated with respect to the 

reference station BBCB. The minimum, mean and maximum values are given in Table 6.3. 

The midslope station BBCX shows very high mean amplification ratios of both PGA 

and Arias intensity. The amount of amplification depends strongly on the chosen component. 

Although the signal-to-noise threshold of 5 was used during the data processing, the 

maximum recorded amplification ratio of the Arias intensity was influenced by noise bursts 

within the selected time window, and exceeded 200 for the E00 component.  

The top station BBCT has consistent mean PGA amplification ratio for both horizontal 

components and a somewhat lower average amplification ratio for the Z00 component. The 

amplification ratios of the Arias intensity show higher variability between the components. 

  

PGA amplification ratio Arias intensity amplification 

Station Component Min Mean Max Min Mean Max 

BBCX N00 1.9 5.7 12.0 5.1 39.8 117.6 

BBCX E00 2.9 7.2 16.0 16.2 52.2 232.1 

BBCX Z00 1.8 4.9 11.8 2.8 13.9 27.5 

BBCT N00 1.3 2.9 5.6 3.1 9.9 21.3 

BBCT E00 1.2 2.9 4.7 4.1 8.7 31.1 

BBCT Z00 1.2 2.5 5.0 1.7 5.9 14.0 

Table 6.3: The maximum, minimum and mean value of the amplification ratios of PGA and Arias intensity for all 

three components from BBCX and BBCT. The following codes are used for the sensor components: N00 ~ north – 

south; E00 ~ east – west; Z00 ~ vertical component. 

In order to investigate the distribution of the amplification ratios in more depth, 

Figures 6.12 and 6.13 give the histograms of the amplification ratios. The figures show that 

the amplification ratios have significant scatter, although the distributions seem to be 

approximately log-normal in most of the cases. 
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Figure 6.12: Distribution of the PGA amplification ratios from BBCX station (left column) and BBCT station (right 

column) for each of the three components. The black dashed line shows the geometric mean of the amplification 

ratios. 
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Figure 6.13: Distribution of the amplification ratios of the Arias intensity from BBCX (left column) and BBCT (right 

column) for each of the three components. The black dashed line shows the geometric mean of the amplification 

ratios. In order to make the distribution from BBCT station clear, the range on the x-axis was set so that it does not 

cover the several anomalously high amplification ratios from BBCX station (> 120). 
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6.2.3.2. Spectral analysis 

The analysed earthquake signals contain predominantly frequencies between 1 and 15 

Hz (Figure 6.14). This is a result of the predominance of low-magnitude (Mw 2–3) events in 

our records, but partly also of the data pre-processing (see Section 4.5.2). 

 
Figure 6.14: Normalized spectra of the 10 s s-wave windows recorded at the reference station BBCB (grey) and the 

mean normalized spectra (red). 

The HVSR from the bottom station 

BBCB (Figure 6.15) show mean 

amplification of less than 2.4 for both 

horizontal components. 

Station BBCT (Figure 6.16) shows 

consistent amplification of 2–4 for nearly 

the entire analysed frequency range. The 

HVSR shows a first peak at 1.5–2 Hz for 

N00 component and at 2–2.5 Hz for the 

E00 component. This peak is shown also 

on the SSR from the station, but its 

amplitude is smaller and frequency is 

slightly shifted. Both HVSR and SSR also 

show amplification for frequencies between 

3 and 15 Hz. While the SSR of the N00 

component shows two broad peaks with 

mean amplitudes of less than 4 in this 

frequency range, the SSR of the E00 

component shows a peak around 5 Hz with 

amplitude of > 4. The HVSR shows the 

same peaks, but with lower amplitudes. 

The SSR of the Z00 component shows a 

small peak around 2 Hz with amplitude < 

 
Figure 6.15: The results of HVSR from the reference 

station BBCB. The first plot shows the results for the N00 

component (~ north – south), the second plot for the E00 

component (~ east – west). 
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2, and amplification of 2–4 at frequencies above 6 Hz. 

The midslope station BBCX shows significantly different response, in particular for the 

component E00. The SSR is dominated by large amplification at frequencies above 3 Hz. The 

component E00 shows two peaks with mean amplitude > 17 at 3 Hz and 5 Hz, and a 

amplification > 5 at frequencies up to 12 Hz. The HVSR of this component follows the 

pattern of the SSR, but its amplitude is significantly lower. The SSR of the N00 component 

lacks a single distinctive peak, but rather comprises multiple peaks with amplitudes of 5–10 at 

frequencies 2.5–12 Hz and 15–16 Hz. For this component the HVSR matches the SSR for the 

frequencies below 3 Hz. For higher frequencies the match between the SSR and HVSR is 

poor both in terms of amplitude and shape. The vertical SSR from this station shows 

amplification up to 9 (at 9 Hz), with amplification > 5 for frequencies 5.5–12 Hz and 15–16 

Hz. 
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Figure 6.16: The results of the SSR and the HVSR from stations BBCX (midslope; left column) and BBCT (top; right 

column). The 1
st
, 3

d
 and 5

th
 rows show the results for the components N00, E00 and Z00.  The solid lines show the 

mean value for the spectra, the dotted lines show one geometric standard deviation above and below the mean value. 

The small subplots under each plot show how many signal samples exceeded the SNR threshold at each sampled 

frequency. 
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6.2.3.3. Polarisation analysis 

Figure 6.17 shows the polarisation of the PGA amplification ratios from stations 

BBCX and BBCT. Table 6.4 gives Ratios between the maximum and minimum PGA 

amplification.  

 
Figure 6.17: Polarisation of mean PGA amplification ratios for BBCX (left) and BBCT (right). The lines highlight the 

directions with maximum (solid line) and minimum (dashed line) amplification. The black arrows show the directions 

of the slope dip. In the case of BBCX, this represents the dip of the cliff face. In the case of BBCT, this represents the 

dip of the ridge flanks. The blue arrow shows the direction of the ridge elongation. 

 Station BBCX shows a strong polarisation of the PGA amplification in the direction 

135°–335°, nearly exactly corresponding to the dip direction of the cliff face. BBCT station 

shows polarisation of the PGA amplification in the direction 165°–345°. 

Figures 6.18 and 6.19 show the polarisation of the SSR and the HVSR respectively. 

BBCX station shows strong amplification peak around 4 Hz in the direction 120°–300°, and 

around 5–6 Hz in the direction 100°–280°. These peaks are apparent on both HVSR and SSR 

polarisation plots, although their amplitude and width differ. The Polarisation of the SSR also 

shows an amplification peak around 9 Hz in the direction 160°–340°.  

Both HVSR and SSR of BBCT show an amplification peak between 3 and 6 Hz 

polarised 140°–320°. The HVSR shows two additional low-frequency peaks between 1.5 and 

2 Hz (direction 0°–180°) and 2 and 3 Hz (direction 140°–320°). The SSR also shows multiple 

peaks between 7 and 15 Hz, polarised in various directions between 170°–350° and 50°–230°. 

BBCB station shows rather strong polarisation of the HVSR in two predominant 

directions: 170°–350° (1–2 Hz) and 60°–240° (3 Hz and 6–9 Hz). 
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Figure 6.18: Polarisation of the SSR from BBCX (top) and BBCT (bottom). 
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Figure 6.19: Polarisation of the HVSR from BBCB (top), BBCX (middle) and BBCT (bottom). 
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6.2.3.4. Effects of the source backazimuth 

Figure 6.20 shows a rose diagram of the number of events (grouped into 20 degree 

wide bands) and the locations of the epicentres of earthquakes with respect to the investigated 

site.  

The results of the analyses are shown in Figures 6.21 and 6.22. Table 6.4  quantifies 

the backazimuth effects on the PGA amplification. 

 
Figure 6.20: The left plot shows the histogram of backazimuths of the analysed events, grouped into 20° wide azimuth 

bands. The radial axis indicates the number of analysed events from each backazimuth band. Apparent is a near lack 

of events within the backazimuth range 60°–220°. The right plot shows the position of the epicentres of the analysed 

with respect to the Breaker Bay Cliff array (red diamond). 

Both horizontal components of both stations show increased mean amplification of 

PGA, of varying magnitudes, for the source backazimuths 220°–20°. The N00 components 

show the highest PGA amplification from the events with backazimuths towards the west – 

northwest, approximately opposite the backazimuths with the minimum amplification. The 

E00 components show the highest amplification from the events with backazimuths 220°–

260° and approximately 340°(0°)–40°. The Z00 component from station BBCX shows only 

low effects of backazimuth, with the 

PGA amplification being slightly 

lower from the backazimuths 120°–

225°. The Z00 component from BBCT 

station shows no systematic effect of 

source backazimuth. 

The analysis of SSR (Figure 

6.22) reveals amplification between 3 

and 7 Hz, which is strongest for the 

backazimuth range 220°–320°(340°). This effect is apparent for both horizontal components 

of both stations, although the amplitude of such amplification varies (Figure 6.22 ). 

 
Backazimuth effects Polarisation 

effects 
 

N00 E00 Z00 

BBCX 1.96 1.54 1.66 1.34 

BBCT 1.52 1.44 1.49 1.17 
Table 6.4: Ratios between the maximum and minimum PGA 

amplification, calculated from various source backazimuths and 

from the polarisation analysis. Only the backazimuth bands with 

5 or more events were considered for calculation of the 

backazimuth effects. 
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Figure 6.21: Mean PGA amplification ratio (radial axis) as a function of the source backazimuth. The scatter plots 

show the amplification as a function of the source azimuth for each event, while the bar plots show mean amplification 

ratios for all events within each 20 degree azimuth band. Note the different scales of radial axis for BBCX (columns 1 

and 2) and BBCT (columns 3 and 4) stations. 
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Figure 6.22: The effects of the source backazimuth (given in degrees) on the SSR from BBCX (left column) and BBCT 

(right column). Radial axis corresponds to the frequency. 

 

 

 



139 

 

 

 

6.2.4. Seismic data analysis: discussion 

 

6.2.4.1. Spectral analysis and polarisation analysis 

Stations BBCT and BBCX show markedly different polarisation patterns. In addition, 

the SSR from BBCT station have significantly lower amplitudes than from BBCX station. 

However, both stations show strong effects of the 3D site topography. 

 The first distinctive low-frequency peak on HVSR from BBCT station (1.5–2 Hz in 

the direction 0°–180°) at 2 and 3 Hz (direction 150°–330°), correlates with the direction of the 

elongation of Beacon Hill and of the axis between its northwestern and southeastern flank and 

thus probably represents the fundamental resonance mode of the edifice. 

A similar resonance peak is not apparent at BBCX. However, as BBCX station is 

located in the lower part of the slope, the fundamental resonance peak can be expected to have 

lower amplitude than at BBCT station. The HVSR from BBCX shows amplification with 

amplitude > 3 for a similar frequency range, polarised in the direction corresponding to the 

dip of the southeastern ridge flank. This amplification peak might, therefore, be overprinting 

the fundamental resonance peak, indicating that while the BBCX station is to some extent 

affected by elongation-parallel resonance, the low-frequency response of this site is 

dominated by the 3D shape of the edifice. 

Unlike BBCT, the polarisation on BBCX is dominated by spur-perpendicular 

resonance and by the effects of the cliff face. The BBCX station shows a wide polarisation 

peak (around 4–6 Hz) in the direction perpendicular to the spur elongation. This peak most 

likely represents the fundamental resonance in the elongation-perpendicular direction. The 

polarisation of the second significant amplification peak on BBCX, around 9 Hz and with the 

SSR amplitude over 13, correlates with the dip direction of the cliff face and thus probably 

represents focussing of the reflected waves and/or surface waves generated in the cliff face (as 

observed for instance by Kaiser, et al. 2014). 

 

 

6.2.4.2. Effects of the source backazimuth 

Both BBCX and BBCT show a similar dependence of amplification ratios on the 

source backazimuth. In terms of the effects on the PGA amplification, the effects of the 

source backazimuth are more significant than the effects of site polarisation (Table 6.4). 

Both stations show significantly increased horizontal amplification from the events 

with source backazimuths between 220°–330°, although the lower boundary might in fact be 

lower, as there is a gap in the data in backazimuths below 220°. This amplification is apparent 

at frequencies 3–7 Hz (E00 components) and 4–12 Hz (N00 components) respectively. The 

backazimuth effects thus also affect the amplitude of the aforementioned large spur-

perpendicular resonance peak on BBCX. 

Both stations also show effects of the backazimuth at higher frequencies (> 10 Hz). 

These effects vary strongly between the components both in terms of the frequency range and 
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amplitude. However, they contribute significantly to the observed backazimuth effects on the 

PGA amplification (Figure 6.21). 

The lack of apparent correlation between the backazimuths causing increased 

amplification and dominant directions of the site topography makes interpretation of these 

effects problematic. The azimuth range 150°–330° correlates approximately with the strike of 

the northeastern flank of Beacon Hill, suggesting the possibility of wave focussing by this 

flank. Other possible explanations can be based on the observation that the upper azimuth 

limit of the first 3–7 Hz peak is slightly lower on BBCT than on BBCX (approximately 310° 

compared to 330°–340°). These azimuths correspond approximately to the azimuth towards 

the main ridge line west of the investigated ridge (Figure 6.9). The second explanation might, 

therefore, be that this ridgeline affects the site response of the investigated spur, either by 

focussing of the surface waves or by scattering of body waves, as described in Section 2.2.1.3. 

 

 

6.3. Numerical modelling of seismic site effects 

We undertook a parametric study of seismic site effects at Breaker Bay Cliff using 

numerical models. These were validated using the field data (presented in Section 5.2). 

 

 

6.3.1. Model setup 

Based on the analysis of the field data, the upper cut-off frequency was set to 15 Hz 

(see also Section 4.6.6). 

Two series of the numerical models were created. The first series was simulating a 

profile across the 3 installed seismic stations, along the elongation of the ridge. When the 

outputs from these models were analysed, a serious mismatch between the field observation 

and the modelled data was found for the midslope station BBCX (see also Section 6.3.2.3). 

Consequently, a second series of models was created, simulating a profile approximately 

perpendicular to the ridge elongation, intersecting only the locations of BBCB and BBCX. 

The purpose of these models was to analyse whether the aforementioned mismatch between 

the field data and the numerical model could be attributed to the ridge-perpendicular 

geometry. In the following text, these two model series are referred to as ‘ridge-parallel’ and 

‘ridge-perpendicular’. 

 

 

6.3.1.1. Topography 

The topography was derived from the detailed topography from the 2013 LiDAR data 

(Figure 6.23). The profiles were simplified in order to reduce the numerical noise. The real 

topographic profiles and their simplified versions are shown in Figures 6.24 and 6.25. 
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Figure 6.24: Detailed topography (black dashed line) and the derived simplified topography used in the ridge-parallel 

models.  

Figure 6.23: Two main topographic profiles (solid blue line) used as the base for the simplified profiles for the 

numerical models of the Breaker Bay Cliff. The ridge-parallel profile is on the left figure, the ridge-perpendicular 

profile is on the right. The red stars mark the locations of the seismic stations. 
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Figure 6.25: Detailed topography (black dashed line) and the derived simplified topography used in the ridge-

perpendicular models. 

 

 

6.3.1.2. Material properties 

As discussed in Section 6.1.2, the toe of the cliff is covered by scree. The material 

parameters of the scree were, however, unknown to us. We have used two sets of parameters, 

representing possible mechanical properties of the scree. In the first case, the scree body was 

considered to have the parameters of completely weathered Greywacke (Table 4.1). This set 

of parameters considered higher seismic velocities for the scree and is referred to in the 

following text as ‘high-velocity’. The second set of parameters (Table 6.5) was based on the 

combination of parameters for the colluvium by Dellow, et al. (1992) and Wightman (2009). 

As this set of parameters resulted in lower seismic velocities than the first set, it is referred to 

as ‘low-velocity’ in the following text. 

Unit 

weight 

[kg/m3] 

Poisson's 

ratio 

Young's 

modulus 

[MPa] 

Shear 

modulus 

[MPa] 

Bulk modulus 

[MPa] 

 Vs 

[m/s] 

Vp 

[m/s] 

1800 0.35 109 41 122 150 312.3 

Table 6.5:  Material properties (representing the small-strain elastic behaviour of the material) used for ‘low velocity’ 

scree in our models of Breaker Bay Cliff. 

 

 

 

6.3.1.3. Velocity profiles 

Twenty velocity profiles were tested: thirteen profiles using the ridge-parallel 

topography, seven profiles using the ridge-perpendicular topography. In brackets are the 
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codes used during the study. In our profile naming convention, the first three letters identify 

the site (BBC). The following digit specifies whether the profile is ridge-parallel or ridge-

perpendicular and what material parameters were used for scree (0 ~ ridge-parallel, high-

velocity scree; 2 ~ ridge-parallel, low-velocity scree; 5 ~ ridge-perpendicular, high-velocity 

scree). The last digit of the profile identifies the modelled weathering profile.  

The velocity profiles are shown in Figures 6.26–6.28. 

1. Homogeneous profiles (ridge-parallel: BBC01, ridge-perpendicular: BBC51). These 

profiles consider the whole topography to be homogeneous. Their purpose is to 

examine the effects of the topography itself without any impedance contrast. 

2. Deep, stepped weathering profiles (ridge-parallel: BBC02, BBC22, ridge-

perpendicular: BBC52). These profiles represent weathering extending up to 70 m 

depth. The ridge-parallel profiles comprise the homogeneous base of the model with 

three subsurface layers representing moderately weathered, highly weathered and 

completely weathered materials. The ridge-perpendicular profile comprises two 

subsurface layers representing moderately weathered and highly weathered material. 

3. Shallow, stepped weathering profiles (ridge-parallel: BBC03, BBC23, ridge-

perpendicular: BBC53). These profiles represent weathering extending up to 25 m 

depth. The ridge-parallel profiles comprise the homogeneous base of the model with 

three subsurface layers representing moderately weathered, highly weathered and 

completely weathered materials. The ridge-perpendicular model comprises a 

homogeneous half-space and a scree body. 

4. Moderately deep, stepped weathering profiles (ridge-parallel: BBC04, BBC24, ridge-

perpendicular: BBC54). These profiles represent weathering extending up to 55 m 

depth. The ridge-parallel profiles comprise the homogeneous base of the model with 

three subsurface layers representing moderately weathered, highly weathered and 

completely weathered materials. The ridge-perpendicular profile comprises a 

subsurface layer representing moderately weathered material. 

5. Moderately deep, gradual weathering profiles (ridge-parallel: BBC05, BBC25, ridge-

perpendicular: BBC55). These profiles are similar to profiles BBC04, BBC24 and 

BBC54. Unlike these profiles, however, the material properties change gradually 

towards the surface. The gradient was created using the algorithm described in 

Appendix A.3.  

6. Deep, gradual weathering profiles (ridge-parallel: BBC06, BBC26, ridge-

perpendicular: BBC56). These profiles are similar to profiles BBC02, BBC22 and 

BBC52. Unlike these profiles, however, the material properties change gradually 

towards the surface. The gradient was created using the algorithm described in 

Appendix A.3.  

7. Deep, stepped weathering profiles a with low-velocity layer behind the cliff face 

(ridge-parallel: BBC07, BBC27, ridge-perpendicular: BBC57). These velocity profiles 

were created after the first models were compared with the field observation in order 

to test a hypothesis described in Section 6.3.2.3.  
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Figure 6.26: Central part of the velocity profiles used for the ridge-parallel models BBC01 – BBC07. The left column 

shows the s-wave velocities (Vs), the right column shows the p-wave velocities (Vp). 
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Figure 6.27: Central part of the velocity profiles used for the ridge-parallel models BBC22 – BBC27. The left column 

shows the s-wave velocities (Vs), the right column shows the p-wave velocities (Vp). 
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Figure 6.28: Central part of the velocity profiles used for the ridge-perpendicular models. The left column shows the 

s-wave velocities (Vs), the right column shows the p-wave velocities (Vp). 
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6.3.1.4. Mesh construction 

 Lateral boundaries of the same width as the modelled topography (500 m for the ridge-

parallel profiles, 330 m for the ridge-perpendicular profiles) were used in our models of this 

site. This width was based on a parametric test, described in Appendix C.2. The thickness of 

the underlying block was set as twice the topography height (258 m for the ridge-parallel 

profiles, 204 m for the ridge-perpendicular profiles). 

Domains with three mesh cell sizes were used in our models (Figures 6.29 and 6.30). 

In case of both ridge-parallel and ridge-perpendicular models the base of the model had a 

mesh cell size of 6 m. The parts of the topography where the weathered layers were modelled 

had a mesh cell size of 3 m. A 1 m mesh cell size was used in the ridge-parallel models for the 

area where the scree was considered. 

One complication of the ridge-parallel models was that the modelled weathered zones 

extended to the model boundary. Technical issues require the mesh to be without interfaces 

along its bottom and side edges. Therefore, in case of the ridge-parallel profiles, a thin layer 

of 3 m mesh was wrapped around the bottom part of the model (Figure 6.29).  

 
Figure 6.29: Mesh cell size domains used for the ridge-parallel models. The blue region had a mesh cell size of 6 m. 

The red region had a mesh cell size of 3 m. The yellow region had a mesh cell size of 1 m. 

 
Figure 6.30: Mesh cell size domains used for the ridge-perpendicular models. The blue region had a mesh cell size of 6 

m. The red region had a mesh cell size of 3 m. 
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6.3.1.5. Input signals 

The input signals were derived from the acceleration histories recorded at the bottom 

station BBCB. The horizontal components were rotated in order to obtain the signal 

corresponding to the north – south (ridge-parallel profiles) and east-west (ridge-perpendicular 

profiles) orientations. The vertical component of each signal was also used. The signals were 

cropped and filtered with a Butterworth bandpass filter with corner frequencies of 0.5 and 11 

Hz with 10 npoles, in order to avoid the frequencies above 15 Hz in the model. The Fourier 

amplitude spectra of the acceleration histories are shown in Figures 6.31– 6.34. The signals 

were then upscaled and converted into stress histories. The following signals were used: 

 GeoNet Public ID: 2015p271070. Magnitude 3.3. Signal length 16 sec. 

 GeoNet Public ID: 2015p787164. Magnitude 2.8. Signal length 9 sec.  

 GeoNet Public ID: 2015p303492. Magnitude 3.5. Signal length 16 sec. 

 GeoNet Public ID: 2015p822263. Magnitude 5.3. Signal length 75 sec. 

 
Figure 6.31: Spectra of the acceleration time histories of the input signal 2015p271070. Blue ~ spectrum of the 

horizontal component used for ridge-parallel models, red ~ spectrum of the horizontal component used for ridge-

perpendicular models, green ~ spectrum of the vertical component, used in both model versions. 
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Figure 6.32: Spectra of the acceleration time histories of the input signal 2015p787164. Blue ~ spectrum of the 

horizontal component used for ridge-parallel models, red ~ spectrum of the horizontal component used for ridge-

perpendicular models, green ~ spectrum of the vertical component, used in both model versions. 

 
Figure 6.33: Spectra of the acceleration time histories of the input signal 2015p303492. Blue ~ spectrum of the 

horizontal component used for ridge-parallel models, red ~ spectrum of the horizontal component used for ridge-

perpendicular models, green ~ spectrum of the vertical component, used in both model versions. 
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Figure 6.34: Spectra of the acceleration time histories of the input signal 2015p822263. Blue ~ spectrum of the 

horizontal component used for ridge-parallel models, red ~ spectrum of the horizontal component used for ridge-

perpendicular models, green ~ spectrum of the vertical component, used in both model versions. 

 

 

6.3.1.6. History Points 

98 history points were located at the surface of the ridge-parallel models, 77 at the 

surface of the ridge-perpendicular models. The points were numbered 101–198 and 101–177 

respectively. The highest concentration of points was located at the modelled body of the 

ridge itself (Figures 6.35 and 6.36). History point 112 coincides with the location of BBCB, 

point 129 with the location of BBCX and point 149 with the location of BBCT (ridge-parallel 

profiles only). The spatial distribution of all history points can be found in Appendix C.4. 
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Figure 6.35: Spatial distribution of the history points in the central part of the ridge-parallel models. Highlighted are 

the history points coinciding with the seismic stations in the field. 

 
Figure 6.36: Spatial distribution of the history points in the central part of the ridge-perpendicular models. 

Highlighted are the history points coinciding with the seismic stations in the field. 
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6.3.2. Model results 

Similarly to the analysis of the seismic field data, the model results were analysed in 

terms of their spectra and PGA.  

 

 

6.3.2.1. Spectral analysis 

In this section we mostly focus on the detailed analysis of the spectra from the three 

history points, highlighted in Figures 6.35 and 6.36. 

The results can be summarised as follows:  

 The topographic effects are clearly shown by the models, but their contribution to the 

site amplification is significant only at low frequencies (below approximately 2 Hz). 

In the ridge-parallel models, the purely topographic effects cause predominantly 

deamplification at points 112 and 129, and low amplification for point 149. In the 

ridge-perpendicular models, the pure topographic effects create low amplification / 

deamplification for point 112 and amplification up to 1.8 for point 129. 

 The fundamental resonance frequency of the ridge-parallel profile is between 0.8 and 

2 Hz. However, the fundamental resonance peak has very low amplitude. 

 In the ridge-perpendicular models, the fundamental resonance peak for point 129 is 

significantly more pronounced. It is represented by a wide peak between 1.5 and 4 Hz. 

The velocity profiles vary in the amplitude of amplification of this peak but not in its 

frequency. The amplification at the higher frequencies is mostly uniform and varies 

between 1.3 and 2.4 for different velocity profiles. 

 In the ridge-parallel models, most of site effects arise primarily from the impedance 

contrast. These effects are strongest above 2–3 Hz. For point 129 these effects range 

from low amplification / deamplification (BBC03, BBC04) to amplification of 2.5 at a 

wide range of frequencies (BBC07). For point 149, the difference between the velocity 

profiles is significantly smaller, with the maximum amplitude of the SSR around 8–10 

Hz.  

 The versions with low-velocity and high-velocity scree show significantly different 

amplification within the scree body. In the models with low-velocity scree, the 

spectral amplification at point 112 is an order of magnitude higher than in the rest of 

the modelled topography. 

Figures 6.37–6.42 show the horizontal and vertical SSR from all the modelled velocity 

profiles using the input signal 2015p303492. The results from the models using the other three 

signals can be found in Appendix C.5. Figures 6.43, 6.44 and Appendix C.6 compare the 

results from the various input motions for each velocity profile. From these plots, several 

observations can be made. 

In both ridge-parallel and ridge-perpendicular models the highest horizontal 

amplification occurs at the top of the topographic profile, partly due to the geometric effects 

and partly as the weathering profile is deepest there. 
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In ridge-parallel models, the maximum horizontal amplification is similar for all 

velocity profiles with exception of the homogeneous profile BBC01: between 2.5 and 3 at 

frequencies 5–10 Hz. Purely topographic amplification at these frequencies is present but low 

(up to 1.5). Intensive amplification at the hill top is also shown at lower frequencies, between 

2 and 4 Hz.  The peak amplification at these frequencies depends strongly on the velocity 

profile and arises from the material impedance contrast. 

The horizontal amplification at point 129 is markedly different for ridge-parallel and 

ridge-perpendicular profiles (Figures 6.37 and 6.38). In terms of the topographic effects, the 

ridge-parallel models show a low fundamental resonance peak between 0.8 and 2 Hz, 

followed mainly by deamplification. The amplification at this peak does not change for 

different velocity profiles. Most of the observed amplification in the ridge-parallel models 

occurs at frequencies above 3–4 Hz, with the amplification pattern strongly varying between 

the velocity profiles. The ridge-perpendicular profiles (Figure 6.41), on the other hand, show a 

strong topographic resonance at frequencies 1.5–4 Hz. The amplification of the resonance 

peak changes for different velocity profiles, but remains below 2.8. All of the ridge-

perpendicular velocity profiles show a narrow amplification trough above the fundamental 

resonance peak, followed by a zone of consistent amplification at the higher frequencies. All 

of the velocity profiles show amplification peaks around 10 Hz, although the exact frequency 

and the amplitude of this peak differs between the profiles. 

With the exception of signal 2015p787164, whose very low amplitudes at low 

frequencies have caused significant artefacts, all of the input signals produced rather 

consistent patterns of horizontal amplification for all the profiles (Figure 6.43). 

The vertical SSR (Figures 6.39, 6.40 and 6.42) show less regular patterns and more 

variability between input motions (Figure 6.43 and Appendix C.6). The vertical amplification 

reaches up to 5 for some velocity profiles and input signals. 

Unlike the horizontal amplification, the vertical amplification for point 129 follows a 

similar pattern for the ridge-perpendicular and ridge-parallel models. The vertical 

amplification occurs mostly at the frequencies 4–12 Hz, with two peaks at 7 and 10 Hz. The 

amplitude of these peaks varies between the ridge-perpendicular and ridge-parallel models, 

but are of the same order. At lower frequencies, the ridge-perpendicular models show low 

amplification between 1 and 5 Hz, while the ridge-parallel models show low amplification / 

deamplification between 2 and 5 Hz and no effects at lower frequencies. 

No significant vertical amplification at point 149 is observed below 2.5 Hz. Above this 

frequency the amplification pattern is strongly dependent on the input motion as well as the 

modelled velocity profile: signals 2015p303492 and 2015p822263 show a number of 

overlapping peaks above 2 Hz; signals 2015p271070 and 2015p787164 show a large 

amplification peak between 5 and 6 Hz and two broad amplification peaks between 6–8 and 

9–12 Hz. 

There is a significant difference in the calculated amplification on the scree body 

between the versions with the high-velocity and low-velocity scree. While the models with 

high-velocity scree (BBC02 – BBC07) show deamplification at frequencies below 6 Hz, 

followed by low amplification (< 2), the models with low-velocity scree (BBC22 – BBC27) 

show multiple amplification peaks with amplitude up to 26. In reality, however, this 
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amplification would likely be lower due to a higher-than-simulated material damping of the 

scree. The effects of different scree velocities are observable within the rest of the models as 

well, affecting both the shape and the amplitude of the amplification peaks. 

In order to qualitatively illustrate the model-wide spectral amplification patterns, the 

SSR from all the history points were plotted against their horizontal coordinates (Figures 6.45 

and 6.46). The plots for the remaining combination of velocity profiles and input signals are 

in Appendix C.7. The plots were created from all history points in the model, with the values 

of the SSR between the points interpolated using linear interpolation. 
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Figure 6.37: Horizontal SSR from the velocity profiles BBC01 – BBC07 at a) the toe of the ridge; b) the midslope 

point; and c) the top of the ridge. The plots show the results obtained from the models using the signal 2015p303492 as 

the input. 
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Figure 6.38: Horizontal SSR from the velocity profiles BBC22 – BBC27 at a) the toe of the ridge; b) the midslope 

point; and c) the top of the ridge. The plots show the results obtained from the models using the signal 2015p303492 as 

the input. 
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Figure 6.39: Vertical SSR from the velocity profiles BBC01 – BBC07 at a) the toe of the ridge; b) the midslope point; 

and c) the top of the ridge. The plots show the results obtained from the models using the signal 2015p303492 as the 

input. 
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Figure 6.40: Vertical SSR from the velocity profiles BBC22 – BBC27 at a) the toe of the ridge; b) the midslope point; 

and c) the top of the ridge. The plots show the results obtained from the models using the signal 2015p303492 as the 

input. 
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Figure 6.41: Horizontal SSR from the velocity profiles BBC51 – BBC57 at a) the toe of the ridge; and b) midslope (top 

of the cliff face). The plots show the results obtained from the models using the signal 2015p303492 as the input. 
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Figure 6.42: Vertical SSR from the velocity profiles BBC51 – BBC57 at a) the toe of the ridge; and b) midslope (top of 

the cliff face). The plots show the results obtained from the models using the signal 2015p303492 as the input. 
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Figure 6.43: Comparison of the horizontal SSR for the history points 112, 129 and 149 (each column shows the data 

from one history point) and the velocity profiles BBC01 – BBC07 (each row corresponds to one velocity profile). Each 

line in a subplot represents the results obtained using one input signal. 
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Figure 6.44: Comparison of the vertical SSR for the history points 112, 129 and 149 (each column shows the data from 

one history point) and the velocity profiles BBC01 – BBC07 (each row corresponds to one velocity profile). Each line 

in a subplot represents the results obtained using one input signal. 
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Figure 6.45: The top figure shows the horizontal SSR (colour) as the function of the frequency (vertical axis) and their 

X coordinates (horizontal axis). The figure shows the results for the velocity profile BBC01 and the input signal 

2015p303492. This way it is possible to see how the SSR changes across the whole model. The black triangles at the 

bottom of the top plot show the x-coordinates of the actual history points used for the analysis. The bottom plot shows 

the topographic profile across the model with the same the x-scale as the top picture, so position within the model can 

be immediately seen. 
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Figure 6.46: The top figure shows the vertical SSR (colour) as the function of the frequency (vertical axis) and their X 

coordinates (horizontal axis). The figure shows the results for the velocity profile BBC01 and the input signal 

2015p303492. This way it is possible to see how the SSR changes across the whole model. The black triangles at the 

bottom of the top plot show the x-coordinates of the actual history points used for the analysis. The bottom plot shows 

the topographic profile across the model with the same the x-scale as the top picture, so position within the model can 

be immediately seen. 
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6.3.2.2. Analysis of PGA 

In addition to the spectral analysis, the results of the numerical models were analysed 

in terms of the PGA. The plots showing the horizontal and vertical PGA recorded in the 

models are shown in Figures 6.47–6.50 and in Appendix C.8. 
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Figure 6.47: The horizontal PGA, as recorded within the central part of the ridge-parallel models BBC01 – BBC07. 

Each row shows the results for one velocity profile (the codes of the profiles are in the subplot headers); each column 

shows the results from one seismic input signal.  
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Figure 6.48: The vertical PGA, as recorded within the central part of the ridge-parallel models BBC01 – BBC07. Each 

row shows the results for one velocity profile (the codes of the profiles are in the subplot headers); each column shows 

the results from one seismic input signal. 
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Figure 6.49: The horizontal PGA, as recorded within the central part of the ridge-perpendicular models BBC51 – 

BBC57. Each row shows the results for one velocity profile (the codes of the profiles are in the subplot headers); each 

column shows the results from one seismic input signal. 
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Figure 6.50: The vertical PGA, as recorded within the central part of the ridge-perpendicular models BBC51 – 

BBC57. Each row shows the results for one velocity profile (the codes of the profiles are in the subplot headers); each 

column shows the results from one seismic input signal. 



170 

 

 

 

6.3.2.3. Comparison between the numerical models and the field data 

First, the average ‘real’ SSR (with respect to the input signal) for all modelled velocity 

profiles were compared with the average field SSR and HVSR for all 250 analysed events 

(Figures 6.51–6.56). The second approach consisted of comparison of ‘apparent’ SSR 

(Section 4.6.12) with the event-specific SSR of the full signals from the field. The plots 

comparing both horizontal and vertical ‘apparent’ spectral ratios from the velocity profiles 

BBC07 and BBC57 are shown in Figures 6.57–6.60. Plots capturing the comparison between 

the ‘apparent’ SSR and the field SSR for other velocity profiles can be found in Appendix 

C.9. 

In general the velocity profiles BBC07 and BBC57, simulating deep weathering 

profile with low-velocity layers along the cliff face, provide the best match between the field 

data and the models. 

The match for the top station BBCT seems to be poor when comparison with the ‘real’ 

SSR is used. However, when site effects on the reference station are considered through the 

use of ‘apparent’ SSR, the match between the field data and the models improves. Using this 

method, the match of the vertical component is acceptable, while the amplitude of the 

horizontal ‘apparent’ SSR is still lower than in the field. 

For the midslope station BBCX, there is a certain qualitative agreement between the 

models and the field data. The ridge-perpendicular models show stronger amplification than 

the ridge-parallel models, which agrees with the observed ridge-perpendicular polarisation of 

the field SSR and HVSR. The ridge-parallel models show the fundamental resonance 

frequency between 0.8–2 Hz, while the field data show the peak at 1.5–2 Hz. The ‘apparent’ 

SSR show qualitatively good match for frequencies up to approximately 3 Hz for both ridge-

parallel and ridge-perpendicular models. However, at higher frequencies there is a significant 

mismatch between the observed and modelled amplitude of amplification. While the field data 

often show amplification up to 15 and in one case up to 60 (the ridge-perpendicular SSR from 

the event 2015p303492), the models show mostly amplification an order of magnitude lower. 

 The ‘apparent’ SSR from the models using the low-velocity scree material provide a 

worse match than the profiles with higher material velocity. This suggests that in reality the 

scree has either higher velocity and / or lower thickness than in our models. As our models 

considered the highest possible thickness of the scree, the later explanation is more likely. 
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Figure 6.51: Comparison of the average horizontal ‘real’ SSR from the ridge-parallel numerical models with the 

average field SSR. The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one 

geometric standard deviation from the mean. 

 
Figure 6.52: Comparison of the average horizontal ‘real’ SSR from the ridge-perpendicular numerical models with 

the average field SSR. The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one 

geometric standard deviation from the mean. 
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Figure 6.53: Comparison of the average vertical ‘real’ SSR from the ridge-parallel numerical models with the average 

field SSR. The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one geometric 

standard deviation from the mean. 

 
Figure 6.54: Comparison of the average vertical ‘real’ SSR from the ridge-perpendicular numerical models with the 

average field SSR. The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one 

geometric standard deviation from the mean. 
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Figure 6.55: Comparison of the average horizontal ‘real’ SSR from the ridge-parallel numerical models with the 

average field HVSR. The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one 

geometric standard deviation from the mean. 
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Figure 6.56: Comparison of the average horizontal ‘real’ SSR from the ridge-perpendicular numerical models with 

the average field HVSR. The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show 

one geometric standard deviation from the mean. 
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Figure 6.57: Comparison of the horizontal 'apparent' SSR from the ridge-parallel models with the field SSR, 

calculated from the velocity profile BBC07. The orange line shows the field observations; the green line shows the 

results from the model. The left column shows the results for point 129 (coinciding with BBCX), the right column 

shows the results for point 149 (coinciding with BBCT). 
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Figure 6.58: Comparison of the vertical 'apparent' SSR from the ridge-parallel models with the field SSR, calculated 

from the velocity profile BBC07. The orange line shows the field observations; the green line shows the results from 

the model. The left column shows the results for point 129 (coinciding with BBCX), the right column shows the results 

for point 149 (coinciding with BBCT). 
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Figure 6.59: Comparison of the horizontal 'apparent' SSR from the ridge-perpendicular models with the field SSR, 

calculated from the velocity profile BBC57. The orange line shows the field observations; the green line shows the 

results from the model. The plots show the comparison between the point 129 (coinciding with BBCX). 
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Figure 6.60: Comparison of the vertical 'apparent' SSR from the ridge-perpendicular models with the field SSR, 

calculated from the velocity profile BBC57. The orange line shows the field observations; the green line shows the 

results from the model. The plots show the comparison between the point 129 (coinciding with BBCX). 
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6.3.2.4. Model discussion 

The analysis of the PGA (Figures 6.47–6.50 and Appendix C.8) shows a strong 

dependence of PGA amplification on the input signal. The 2015p822263 signal, with its 

significant low-frequency content and low amplitudes at high frequencies shows broad zones 

of amplification near the topography top.  The high-frequency dominated input signals create 

strongly localised zones of amplification. Interestingly, very little horizontal amplification is 

shown within the cliff face, although localised vertical amplification occurs at its crest. 

 The fundamental resonance peak of the slope starts at low frequencies at the toe of the 

slope and increases in frequency with proximity to the top of the slope. Once the layers with 

different seismic velocities are considered, the fundamental resonance peak can be amplified 

while still keeping its frequency (as in case of the ridge-perpendicular models) or be 

overprinted by the geological effects (as in case of the ridge-parallel models). 

The observed mismatch between the predicted amplitude of amplification in the 

models of the Breaker Bay Cliff and the field data is rather significant. This mismatch can 

have multiple causes: 

1. Topographic effects due to the three-dimensionality of the site 

2. The effects of the incidence angle of the incoming earthquake signal (our models 

assumed the vertical incidence angle, as described in Section 4.6.1) 

3. Inaccurate representation of the site velocity profile in our numerical models  

I. In the area of the reference point 112 

II. In the area of the cliff edge point 129 

 The topographic effects due to the three-dimensionality of the site are likely to 

contribute to the amplification observed in the field, but their amplitude is probably 

insufficient to explain the large recorded amplification. The ‘pure’ topographic effects, as 

shown in our 2D models, had amplitudes of more than one order of magnitude lower than the 

recorded amplification. Although the 3D topographic effects can create larger amplification 

than those observed in 2D approximation (e.g. Mohammadi 2015), the difference is most 

likely lower than the observed mismatch. In addition, our polarisation analysis (Figure 6.18) 

has shown that the two main amplification peaks correspond to the ridge-perpendicular 

resonance, while showing very little signs of more complex topographic effects. 

 The effects of the source backazimuth (and consequently of the incidence angle) have 

been shown to strongly affect the site effects measured in the field (Section 6.2.3.4). 

However, we find it unlikely that these effects contribute significantly to the observed 

mismatch. Our 4 input signals were chosen from different backazimuth bands. If the source 

backazimuth effects were the main cause, we could expect improved match between the mean 

field SSR (calculated as the average from all the events, therefore with the effects of the 

incidence angle partially suppressed) and the mean model SSR. This, however, was not the 

case. In addition, the observed effects of source backazimuth were significantly lower than the 

difference between our models and the field data. 

 Another possible cause of the observed mismatch is the difference in the seismic 

velocity structure between the site and our models. Our models were based solely on field 

mapping, some amount of disagreement in geological structure is inevitable. 
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The comparison of the ridge-parallel models with the two different scree parameters 

showed that a change of the velocity profiles in this area of the scree can significantly affect 

the ‘apparent’ SSR. As mentioned in Section 6.1.3, the depth of the scree body below the 

reference station was unknown and consequently the upper limit of the thickness was used. In 

order to test the impact of impedance contrast under the reference station on the ‘apparent 

SSR’, we have created a series of alternative ‘apparent’ SSR plots, calculated with respect to 

the reference point 112 from the purely homogeneous models BBC01 and BBC51 

respectively. The results are shown in Appendix C.9. This test showed that the different 

conditions on the reference station are insufficient to explain the observed amplification at 

BBCX. 

The last possible origin of the mismatch might lie in the velocity profile in the area 

near the edge of the slope, where BBCX was installed. Lower seismic velocities in this area of 

the cliff would result in larger observed amplification. As the difference between the models 

BBC01 and BBC07 (thus between no velocity contrast in this area and a thick zone of 

completely weathered material) is smaller than the difference between BBC07 and the field 

observation, this difference would have to be significant. As long as we assume the intact 

material properties used for this research are relevant, such low seismic velocities are 

unlikely, unless reduced by other factors.  

However, a possible explanation can be the effect of the cliff face. As mentioned in 

Section 6.1.2, we have documented opened joints in the central part of the cliff face. As 

discussed in Section 2.2.2.3, it has been concluded that the jointing of the rock mass can lead 

to significant decrease of seismic velocities at low strains, particularly for lower overburden 

stresses, such as those that could be encountered near the edge of the cliff (Li, et al. 2016; Fan 

& Sun 2015). It is, therefore, possible that the steep angle of the cliff in combination with 

high fracture density of bedrock creates a zone of open joints behind the cliff face, which then 

causes a significant decrease in the seismic velocities of the material and consequently the 

observed amplification. A possible coincidence might be that in the analysed geological 

setting we can assume the vertical joints, parallel to the cliff face, are most prone to opening 

as a response to tensile stresses induced within the rock mass during shaking. Sebastian & 

Sitharam (2015) concluded that open joints affect movement in the direction perpendicular to 

the joint plane more significantly than movement in the direction parallel to the joints. This 

effect could partly explain the fact that the match of the vertical components in our field – 

model comparison was better than the match of the horizontal component. 
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6.4. Conclusions 

 The midslope station BBCX shows high mean PGA amplification ratio (4.9–7.2 for all 

three components). The top station BBCT shows mean PGA amplification ratio of 2.9 

for both horizontal components and 2.5 for the vertical component. 

 The fundamental resonance peak in the ridge-parallel direction can be seen on the field 

HVSR from the BBCT station and in the numerical models. This peak is shown at 

frequencies 1.5–2 Hz and 0.8–2 Hz on HVSR and in numerical models, respectively. 

This peak is not apparent on the field data from BBCX station. The amplitude of the 

peak is not significantly affected by the source backazimuth. 

 The site effects at BBCX station (on the crest of the cliff) are dominated by ridge-

perpendicular resonance, although the field data and numerical models give different 

ranges for the resonance frequencies (4–6 Hz and 1.5–4 Hz respectively). The 

fundamental resonance peak has extremely high mean amplitude in the field SSR (> 

18) and is polarised in the ridge-perpendicular direction. The amplitude of the peak is 

affected by the source backazimuth, with increasing amplification occurring for the 

events with backazimuths between 220°–330° (the lower boundary might in fact be 

lower as there is a gap in the data below 220°). The origin of the extremely high 

amplification at the fundamental resonance frequencies is uncertain. However, the data 

suggest this amplification might be contributed by effects of the cliff face, forming a 

zone of opened joints (and consequently of low seismic velocity) in its vicinity. 

 Seismic amplification at the top station BBCT comprises multiple peaks with 

amplitude > 4 (on field SSR), polarised in north-northwest – south-southeast direction. 

The site effects at this site reflect the combination of resonance of the hill in various 

directions and of the site geology.  

 There is a certain qualitative agreement between the numerical models and the field 

data at lower frequencies, but the amplitudes predicted by the numerical models at 

higher frequencies are up to an order of magnitude lower than the field observations, in 

particular for BBCX station. We propose several hypotheses for explaining this 

mismatch. This observation, however, highlights the importance of validation of 

seismic numerical models with field data. 
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Chapter 7: Mitchell Street Ridge 
 

The site described in this chapter is a north – south oriented ridgeline lying 

approximately 2.5 km south of the Wellington city centre, without an official geographical 

name. Mitchell Street runs at the ridge crest, hence the name ‘Mitchell Street Ridge’, used 

throughout this thesis. The crest of the ridge and its eastern toe have been used for housing 

development, while its flanks remain mostly forested, although privately owned (Figure 7.1). 

West of the ridge lies an active landfill, owned by the T & T Landfills Ltd company. All the 

field work and operation of the seismic array on the site was carried out with consent of the 

affected landowners. 

 
Figure 7.1: Photo of the eastern flank of the Mitchell Street Ridge. Yellow ellipse highlights the investigated spur and 

a small summit on the ridge top. 
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7.1. Site characteristics 

 This section describes the site topography and geology. 

 

 

7.1.1. Topography 

 Terrain in the Mitchell Street Ridge area comprises a series of north – south elongated 

ridges (Figures 4.1 and 7.2). On the eastern side, the Mitchell Street Ridge is delimited by a 

deeply incised valley through which runs Ohiro Road. Northwest of the ridge lies a sharp, 

although shallower gully of an unnamed stream, separating the ridge from a local spur. This 

spur has been gradually excavated as part of the landfill operations. At the time of this 

research, this spur ended just south of the investigated profile. A valley southwest of the ridge 

(south of the investigated profile) is wider than the gully northwest of the ridge, and has been 

partially filled during the operations of the landfill, forming a large plain. 

 The morphology of the Mitchell Street Ridge varies along its length. In its northern 

part, where the investigated profile was located, it is characterised by a flat top, with its 

morphology modified by construction works. The eastern flank mostly comprises a series of 

local gullies and ridges, while the western flank is mostly planar. In the southern part, the 

ridge becomes narrower and lower. In the transition between these two parts, the ridge steps 

eastwards (by approximately 130 m) and downwards, forming a sharp three-dimensional s-

curve. This s-curved segment lies just south of the investigated profile. 

The investigated profile runs perpendicular to the ridge elongation, crossing the ridge 

at a local summit. On the eastern flank the profile runs along the top of a local spur (Figure 

7.5).  

The area is characterised by a higher-than-average mean slope angle (37°, compare 

Figures 7.3 and 3.6), but no significant contribution of very steep slopes (> 50°). 
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Figure 7.2: Shaded topography (top figure) and the map of the slope angles (bottom figure) in the area of the 

investigated site. The red ellipse highlights the location of the investigated profile. 
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Figure 7.3: Histogram of the relative area covered by slopes of various angles on the Mitchell Street Ridge site. The 

area is measured in the projection into horizontal plane. 

 

 

7.1.2. Geology 
 No detailed information on the site geology was available in the literature. The 

outcrops on the site mostly comprise < 3 m high path cuts on the eastern flank of the ridge. 

The spur west of the site has been partially excavated, providing the largest outcrop in the 

area. 

 Unweathered to slightly weathered Greywacke outcrops along the eastern toe of the 

ridge. At the western toe of the ridge the bedrock is even less weathered (unweathered, 

without transition to slightly weathered). The top of the ridge comprises predominantly 

moderately weathered Greywacke, with some areas being slightly or highly weathered. While 

the eastern toe comprises massive sandstone intersected by narrow shear zones, some of the 

outcrops in the area have a significant contribution of argillite. The western toe of the 

excavated ridge (west of the Mitchell Street Ridge) comprises moderately weathered 

Greywacke. The excavation face of the adjacent ridge reveals a clear offset in weathering 

between the western and eastern part of the ridge, suggesting the presence of a fault 

intersecting the ridge.  

 The slopes are mostly covered by < 1 m thick layer of colluvium and soil. However, 

three different types of more significant Quaternary accumulations can be found on the site. 

Accumulations of colluvium are common in the numerous gullies along the ridge flanks. The 

largest documented thickness of the colluvium was more than 3 m. The construction of the 

houses on the ridge top, and to a smaller extent also along its eastern toe, was in some cases 

accompanied by deposition of manmade fills. A significant thickness of fill has been also 

deposited in the valley west of the Mitchell Street Ridge (south of the investigated profile) as 

part of the operation of the landfill. 
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7.2. Seismic observation 

 

7.2.1. Seismic recording array 

 An array of 3 stations was installed on the site 

between 27.10.2015 and 15.8.2016. Table 7.1 summarises the 

details of the installed stations, while Figure 7.4 shows their 

photos. Station MTSB was used as the reference station.  

The locations of the stations and the investigated 

profile are shown in Figure 7.5. 

Station code: MTSB 

GPS 
Coordinates: 

S 41° 18’ 48.492” 

E 174° 45’ 18.72” 

Configuration: Weak motion station 

Bedrock: Unweathered Greywacke 

Site location: At the western toe of the ridge, on the top of 
an outcrop 3 m above the bottom of a gully. Station was 
located north of the investigated profile. 

Station code: MTSM 

GPS 
Coordinates: 

S 41° 18’ 52.2” 

E 174° 45’ 33.1194” 

Configuration: Weak motion station 

Bedrock: Moderately weathered Greywacke 

Site location: In the central part of the slope, on the top of a 
local spur above a convex break of the slope. On a flat 
platform near a shed. 

Station code: MTSX 

GPS 
Coordinates: 

S 41° 18’ 54.036” 

E 174° 45’ 29.8794” 

Configuration: Strong motion station 

Bedrock: 
Uncertain, likely moderately weathered 

Greywacke. 

Site location: On the eastern side of the ridge top, on the 
southern side of a small local summit. 

Table 7.1: The details of the 3 stations, installed on the Mitchell Street 

Ridge. 

 
Figure 7.4: Photos of the stations in 

the array. From the top: MTSB, 

MTSM, MTSX. 
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Figure 7.5: Locations of the seismic stations with respect to the site topography. The blue circles mark the locations of 

the seismic stations. The green line shows the line of the cross section used in the numerical models. The top of the 

picture is oriented towards geographic north. The North arrow indicates magnetic north, towards which the seismic 

stations were oriented. 
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7.2.2. Recorded earthquake data 

241 events recorded by all stations had sufficient pick clarity and signal-to-noise ratio 

(see also Section 4.5.1) to warrant further analysis (Appendix D.1).  

The earthquakes were predominantly near, weak and relatively shallow (Figure 7.6). 

None of the recorded accelerations (measured on the 10 s s-wave window) exceed 0.04 m/s
2
 

at any of the stations (Figure 7.7), and all the signals can, therefore, be classified as weak 

motion. 

 

 
Figure 7.6: Spatial distribution of the epicentres of the analysed events with respect to the installed array (red 

diamond in the centre of the picture). The left plot shows the depth of the epicentres of the analysed events, while the 

right plot shows the magnitudes of the events (data from GeoNet catalogue). 
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Figure 7.7: Histograms of the recorded PGA of the 241 analysed events. 
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7.2.3. Seismic data analysis: results 

The pre-processed events were analysed in terms of (see Chapter 4 for details): 

 Amplification of the PGA and Arias intensity  

 Signal spectra, including SSR and HVSR 

 Polarisation 

 Effects of the source backazimuth 

 

7.2.3.1. Amplification of the PGA and Arias intensity  

 The PGA and Arias intensity amplification ratios were calculated with respect to the 

reference station MTSB. The minimum, mean and maximum values are given in Table 7.2. 

 The midslope station MTSM shows the largest mean amplification of both PGA and 

Arias intensity for the N00 component. The mean PGA amplification of components E00 and 

Z00 are 10% and 30% lower respectively. 

The top station MTSX shows consistent mean PGA amplification for both horizontal 

components and lower for the vertical component. The amplification of the Arias intensity 

follows the same pattern as the PGA amplification ratios. Note that the maxima of the Arias 

intensity amplification of the horizontal components were extremely high. Multiple values 

with erroneous anomalously high amplification were calculated from these components due to 

short but intensive bursts of noise within the selected time window (see also Section 4.5.2.3). 

   

 

PGA amplification ratio Arias intensity amplification 

Station Component Min Mean Max Min Mean Max 

MTSM N00 1.7 4.3 8.8 5.1 19.4 48.8 

MTSM E00 1.5 3.9 8.7 5.7 16.9 39.9 

MTSM Z00 1.3 3.1 8.3 2.5 6.3 14.7 

MTSX N00 1.0 3.0 10.5 2.0 12.8 138.2 

MTSX E00 1.5 3.1 9.4 3.2 12.7 86.5 

MTSX Z00 1.1 2.2 5.0 2.0 5.8 20.8 

Table 7.2: The maximum, minimum and mean value of the amplification ratios of PGA and Arias intensity for all 

three components from OWQX and OWQT. The following codes are used for the sensor components: N00 ~ north – 

south; E00 ~ east – west; Z00 ~ vertical component. 

Figures 7.8 and 7.9 give the histograms of the amplification ratios. The figures show 

that the amplification ratios have significant scatter, although the distributions seem to be 

approximately log-normal in most of the cases. 
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Figure 7.8: Distribution of the PGA amplification ratios from MTSM (left column) and MTSX (right column) for each 

of the three components. The black dashed line shows the geometric mean of the amplification ratios. 
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Figure 7.9: Distribution of the amplification ratios of the Arias intensity from MTSM (left column) and MTSX (right 

column) for each of the three components. The black dashed line shows the geometric mean of the amplification 

ratios. The range on the horizontal axis was set so it does not include some of the aforementioned erroneous high 

amplification values. 
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7.2.3.2. Spectral analysis  

 The analysed earthquake signals contained predominantly frequencies between 1 and 

15 Hz (Figure 7.10). 

 
Figure 7.10: Normalised spectra of the 10 s s-wave windows recorded at the reference station MTSB (grey) and the 

mean normalised spectra (red). 

The HVSR from the bottom station 

MTSB show modest amplification at lower 

frequencies, and deamplification at high 

frequencies (Figure 7.11). The N00 

component shows mean amplification of 

1.5–1.8 at the wide frequency range 0.7–10 

Hz and deamplification at frequencies > 15 

Hz. The E00 component, on the other hand, 

forms two broad amplification peaks (0.7–3 

Hz and 4–20 Hz) with amplitude mostly 

below 2 and a peak at 10 Hz reaching up to 

2.2. 

At the midslope station MTSM, the 

SSR of the N00 component (Figure 7.12) 

shows strong amplification at frequencies 3–

20 Hz. Within this frequency band, three 

distinctive peaks can be distinguished. The 

first, largest peak (with the mean amplitude 

of 6.6) lies between 3 and 6 Hz. This peak is 

apparent also on HVSR, although with 

lower amplitude. The second and third peaks 

lie at 6.5–9 Hz and 10–20 Hz. The E00 

component shows two significant 

amplification peaks. The first, wide peak 

 
Figure 7.11: The results of HVSR from the reference 

station MTSB. The first plot shows the results for the N00 

component (~ north – south), the second plot for the E00 

component (~ east – west). 
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lies between 2 and 9 Hz. The second, lower peak is apparent between 10 and 15 Hz. Both 

these peaks are clearly shown on SSR and partially also on HVSR, although with lower 

amplitudes. The vertical SSR from MTSM shows a significant amplification between 6 and 

20 Hz, with its maxima between 7 and 9 Hz. 

Station MTSX shows amplification above 1 Hz for both horizontal components. The 

mean SSR of the N00 component shows significantly increased amplification between 9 and 

23 Hz, with a maximum mean amplitude > 7.5 at 12–15 Hz. The mean SSR of the E00 

component shows two less distinctive peaks. First, low peak lies between 5 and 9 Hz and has 

maximum amplitude of 3.2. The second, more distinctive amplification occurs between 10 

and 23 Hz, with its maximum amplitude (>5) between 12 and 14 Hz. The HVSR of both 

components follow a similar pattern, showing increased amplification at frequencies 4–9 and 

10–13 Hz.  

Z00 component shows amplification > 2 at frequencies 7–23 Hz, with the maximum 

mean amplitude of 4 around 13 and 18 Hz. 
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Figure 7.12: The results of the SSR and the HVSR from stations MTSM (midslope; left column) and MTSX (top; 

right column). The columns show the results for the midslope and top stations, respectively. The 1
st
, 3

d
 and 5

th
 rows 

show the results for the components N00, E00 and Z00.  The solid lines show the mean value for the spectra, the 

dotted lines show one geometric standard deviation above and below the mean value. The small subplots under each 

plot show how many signal samples exceeded the SNR threshold at each sampled frequency. 
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7.2.3.3. Polarisation analysis 

Figure 7.13 shows the polarisation of the PGA amplification ratios for stations MTSM 

and MTSX. Table 7.3 gives ratios between the maximum and minimum PGA amplification. 

 
Figure 7.13: Polarisation of mean PGA amplification ratios for MTSM (left) and MTSX (right). The lines highlight 

the directions with maximum (solid line) and minimum (dashed line) amplification. The black arrows show the 

direction of the slope dip at the site. The blue arrow shows the direction of the elongation of the Mitchell Street Ridge. 

 MTSM station shows a low polarisation of PGA amplification ratios in the direction 

35°–215°. The minimum PGA amplification occurs in the direction 95°–275°, corresponding 

to the dip of the ridge flank. Station MTSX shows polarisation in the direction 65°–245°, 

while the minimum amplification PGA amplification occurs in the direction 165°–345°, 

approximately corresponding to the ridge elongation. 

Figures 7.14 and 7.15 show the polarisation of the SSR and the HVSR respectively.  

The strong amplification at MTSM between 3–6 and around 7 Hz is polarised in the 

direction 160°–340° on HVSR (perpendicular to the elongation of the local spur) and in the 

direction 140°–320° on SSR. The amplification peak between 10 and 15 Hz is strongly 

polarised in the direction 70°–250°, obliquely to the elongation of the local spur. 

Station MTSX shows different polarisation for frequencies below and above 10 Hz. 

Below 10 Hz, the station shows polarisation in the direction 105°–195°, perpendicular to the 

ridge elongation. This polarisation is apparent on both SSR and HVSR. Above 10 Hz, the 

SSR have a dominant peak between 12 and 15 Hz, polarised in the direction 45°–225°. 

HVSR from MTSB station shows mostly polarisation in the north – south direction 

(corresponding to the main axis of the local gully) at frequencies below 5 Hz. Above 5 Hz, the 

HVSR from the station are mostly polarised in the direction 110°–270°.  
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Figure 7.14: Polarisation of the SSR from MTSM (top) and MTSX (bottom). 
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Figure 7.15: Polarisation of the HVSR from MTSB (top), MTSM (middle) and MTSX (bottom). 
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7.2.3.4. Effects of backazimuth 

Figure 7.16 shows a rose diagram of the number of events (grouped into 20 degree 

wide bands) and the locations of the epicentres of earthquakes with respect to the investigated 

site.  

The results of the analyses are shown in Figures 7.17 and 7.18.  Table 7.3 quantifies 

the backazimuth effects on the PGA amplification. 

 
Figure 7.16: The left plot shows the histogram of backazimuths of the analysed events, grouped into 20° wide azimuth 

bands. The radial axis indicates the number of analysed events from each backazimuth band. The right plot shows the 

position of the epicentres of the analysed with respect to the Mitchell Street Ridge array (red diamond). 

   

MTSM station shows rather 

systematic effects, although their 

strength is relatively low for the 

Z00 channel. Although MTSX 

station also shows certain effects of 

the source backazimuth, their 

pattern is rather unsystematic. 

  

 
Backazimuth effects Polarisation 

effects 
 

N00 E00 Z00 

MTSM 1.68 2.34 1.29 1.14 

MTSX 1.34 1.50 1.12 1.23 
Table 7.3: Ratios between the maximum and minimum PGA 

amplification, calculated from various source backazimuths and 

from the polarisation analysis. Only the backazimuth bands with 

5 or more events were considered for calculation of the 

backazimuth effects. For calculating the backazimuth ratios, we 

have excluded the data from the backazimuth interval 100°–200° 

from the analysis, as they were based on very few (1–2) events. 
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Figure 7.17: Mean PGA amplification ratio (radial axis) as a function of the source backazimuth. The scatter plots 

show the amplification as a function of the source azimuth for each event, while the bar plots show mean amplification 

ratios for all events within each 20 degree azimuth band. Note the different scales of radial axis for MTSM (columns 1 

and 2) and MTSX (columns 3 and 4) stations. 

 MTSM station shows increased PGA amplification ratios from north – northeast and 

from southwest. This effect is strongest for the E00 component (Table 7.3). Figure 7.18 shows 

that for the horizontal components, this PGA amplification pattern is the result of strong 

amplification around 5 Hz (5–8 Hz for E00) from the backazimuths 340°–40°, and 

amplification around 4 Hz from the backazimuths 200°–260°. The N00 component also 

shows an increased amplification around 7 Hz for the latter azimuth range. The effects on the 

Z00 component are significantly weaker and are mainly related to the increase in the 

amplitude of the 5 Hz amplification peak for the backazimuths 0°–60° and 200°–260°. 

 The effects of backazimuth at MTSX station are observable but unsystematic. For the 

horizontal components the effects comprise mainly variation in the amplitude of the 12–15 Hz 

peak. The E00 component also shows increased amplification between 2 and 8 Hz from 

northeast, similarly to the E00 component of MTSM station. The Z00 component shows no 

observable effects of the source backazimuth. 

 In order to further investigate the effects of backazimuth on the site polarisation, 

additional polarisation analysis was performed. The analysis followed the methodology 

described in Section 4.5.2.4, but used only events from the backazimuth intervals 20°–60° and 
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200°–240°. The results of this analysis are given in Appendix D.2. This analysis has shown 

that the backazimuth does not affect just the amplitude of the site amplification, but to some 

extent also affects the site polarisation. 

 
Figure 7.18: The effects of the source backazimuth (given in degrees) on the SSR from MTSM (left column) and 

MTSX (right column). Radial axis corresponds to the frequency. 
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7.2.4. Seismic data analysis: discussion 

 

 

7.2.4.1. Spectral analysis and polarisation analysis 

The most dominant peak on the SSR and HVSR from the midslope station MTSM lies 

between 3 and 5 Hz. On the HVSR, this peak is polarised in the direction approximately 

perpendicular to the elongation of a local spur on which station was installed, and is most 

likely associated with the resonance of the spur. The corresponding peak on SSR is polarised 

in a similar direction, but the direction is somewhat offset from the spur-perpendicular axis.  

 The second most dominant amplification peak on both SSR and HVSR of the MTSM 

station lies between 10 and 15 Hz and is strongly polarised in the direction 70°–250°, 

approximately corresponding to the elongation of the local spur and to the dip of slope at the 

site.  This peak most likely represents the interference of waves reflected from the lower, 

steeper parts of the slope. This peak is consistent between the SSR and HVSR. Similarly to 

the peak between 3 and 5Hz, this direction is offset by 20° towards the north from the ridge-

perpendicular axis. 

There are multiple possible explanations for this offset in polarisation at MTSM: 3D 

topographic effects, unknown geological effects, polarisation at the reference station MTSB 

or error during site instrumentation. As discussed in Section 6.1.1, the investigated profile was 

located near the place where the ridge crest forms a distinctive s-curve. This part of the ridge, 

striking northwest–southeast could be affecting the resonance mode of the investigated spur. 

Another possible explanation might be the north – south polarised response of the reference 

station MTSB, shown by the station’s HVSR (Figure 7.15).  This polarisation could be 

causing an artificial decrease of the SSR in the north – south direction, thus shifting the 

apparent maxima of the polarisation peaks. The polarisation might be also affected by a local 

geological structure which was not apparent in the outcrops on the site. The last possible 

explanation might be misalignment of the sensor during its installation. MTSM station was 

installed in the vicinity of a shed, where an anthropogenic distortion of the local magnetic 

field cannot be excluded. This might have caused misalignment of the sensor during 

installation, as the alignment was done using primarily a geological compass. However, the 

orientation of the sensor was also checked with the local topography, making the 

misalignment by a full 20° very unlikely. 

 Somewhat surprising is the lack of an apparent fundamental resonance peak of the 

Mitchell Street Ridge on the HVSR from MTSM. 

 The top station MTSX shows multiple amplification peaks polarised approximately in 

the east – west direction at frequencies below 10 Hz, with the first peak around 3 Hz. This 

peak thus likely represents the fundamental ridge-perpendicular resonance. The highest 

amplification peak, occurring between 10 and 15 Hz, is strongly polarised in the direction 

45°–225°. This polarisation might be caused either by vibration of the narrow part of the ridge 

south of the station (striking northwest – southeast), or by the wave reflections from the 

northeast-dipping slope north of the station. 
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7.2.4.2. Effects of the source backazimuth 

 MTSM station shows strong effects of the source backazimuth on the spur-

perpendicular resonance peaks (Figure 7.18 and Appendix D.2). The events whose 

backazimuths lie towards the northeast produce a stronger amplification, polarised mainly in 

the perpendicular southeast – northwest direction. The events with the backazimuth in the 

opposite direction produce lower amplification, polarised mostly in the north – south 

direction. The events with the backazimuths towards the northwest produce the lowest 

amplification. The range of backazimuths of the events causing strongest amplification does 

not correlate with the topography of the ridge itself. However, it correlates with the strike of 

the narrow part of the ridge south of the station (Figure 7.2). This suggests that this local 

topographic feature might be affecting the resonance of the nearby spur, increasing the 

resonance effects for the events lying perpendicular to this local feature. 

 MTSX station shows increased low-frequency amplification (likely representing the 

ridge-perpendicular resonance) for the events from the northeast, similarly to MTSM station. 

While the earthquakes with the backazimuths towards the northeast produce clear ridge-

perpendicular amplification at these frequencies, the events in the opposite direction produce 

less systematic polarisation, oriented obliquely to the dominant axis of the topography. 

The fact that both the direction and the amplitude of the resonance along the 

investigated profile seem to be affected by the narrow part of the ridge in its vicinity suggests 

additional 3D effects on the site. 

 

 

7.3. Numerical modelling 

We undertook a parametric study of seismic site effects at Mitchell Street Ridge using 

2D numerical models. These were validated using the field data from Section 7.2. 

 

 

7.3.1. Model setup 

 Based on the analysis of the field data, the upper cut-off frequency was set to 20 Hz 

(see also Section 4.6.6).  

 

 

7.3.1.1. Topography 

The topography was derived from the detailed topography from the 2013 LiDAR data 

(Figure 7.5). The topography of the spur west of the Mitchell Street Ridge was included in our 

models as well in order to reflect its effect in the area of the reference station MTSB. The 

profile was simplified in order to reduce the numerical noise. The original topography and the 

simplified topography used in the model are shown in Figure 7.19.  
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Figure 7.19: Detailed topography (black dashed line) and the derived simplified topography used in the models (solid 

grey line). 

 

 

7.3.1.2. Velocity profiles 

Five principal velocity profiles were tested. With exception of the first, homogeneous 

profile, all the profiles were created in two variants. The first variant (numbered 02–05) 

simulated only different weathering profiles. However, as mentioned in Section 7.1.2, 

manmade fill is relatively frequent along the top of the Mitchell Street Ridge. A second 

variant of each velocity profile (numbered 22–25) was created. This variant included a 

hypothetical fill wedge at the right (western) edge of the ridge. The brackets give the codes 

used for profile identification: 

1. Homogeneous profile (MTS01). This profile considers the whole topography to be 

homogeneous. Its purpose is to examine the effects of the topography itself without 

any impedance contrast. 

2. Shallow, stepped weathering profiles (MTS02, MTS22). These profiles represent 

weathering extending up to 25 m deep. The profiles comprise the homogeneous base 

of the model with one subsurface layer representing moderately weathered material. 

The profile MTS22 also includes a wedge representing the manmade fill. 

3. Deep, stepped weathering profiles (MTS03, MTS23). These profiles represent 

weathering extending up to 45 m deep. The profiles comprise the homogeneous base 

of the model with two subsurface layers representing moderately weathered and highly 

weathered materials. The profile MTS23 also includes a wedge representing the 

manmade fill. 

4. Deep, stepped weathering profiles without the highly weathered layer (MTS04, 

MTS24). These profiles use the same boundary between the homogeneous base and 

the moderately weathered layer as profiles MTS03 and MTS23, but do not include the 

layer representing the highly weathered material.  

5. Deep, gradual weathering profiles (MTS05, MTS25). These profiles use the same 

boundary between the homogeneous base and the moderately weathered layer as 

profiles MTS04 and MTS24. However, the material properties change gradually 
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towards the surface. The gradient was created using the algorithm described in 

Appendix A.3. 

In all our profiles we simplify the geological structure of the ridge west of the Mitchell 

Street Ridge, modelling the boundary between the slightly and moderately weathered 

Greywacke as horizontal, intersecting the ridge in the level where it was encountered on its 

eastern flank. The velocity profiles are shown in Figure 7.20. 
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Figure 7.20: Central part of the velocity profiles used in our models. The left column shows the s-wave velocities (Vs), 

the right column shows the p-wave velocities (Vp). 
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7.3.1.3. Material properties 

 No complete set of material parameters representing the characteristic manmade fill in 

the area was available to us. Consequently, we have compiled the parameters from multiple 

sources. The p-wave velocities have been measured on a nearby fill site by GNS Science, and 

were provided to us for the purpose of the numerical modelling. We have used the mean value 

of their p-wave measurements. To supplement them, two sources contained the characteristic 

values of Poisson’s ratio and bulk density of the fill in the region: Wightman (2009) and 

unpublished measurements by N. Perrin (N Perrin, 2016, pers.comm, 25 August). Both of 

these sets lead to a similar, although not identical, wave velocities. The second set was found 

to be more reliable, and was thus used for calculating the remaining elastic moduli (Table 

7.4). 

Unit 

weight 

[kg/m3] 

Poisson's 

ratio 

Young's 

modulus 

[MPa] 

Shear 

modulus 

[MPa] 

Bulk modulus 

[MPa] 

 Vs 

[m/s] 

Vp 

[m/s] 

2000 0.4 382 137 637 261.279 640 

Table 7.4: The set of parameters (representing the small-strain elastic behaviour of the material) used for the 

manmade fill in our models of Mitchell Street Ridge. 

 

 

7.3.1.4. Mesh construction 

Lateral boundaries of the same width as the modelled topography (660 m) were used 

in our models of this site. This width was based on our parametric test (Appendix C.2). The 

thickness of the underlying block was set as twice the topography height (240 m in the left, 

lower part of the model). 

Domains with three mesh cell sizes were used (Figure 7.21). The base of the model 

had a mesh cell size of 6 m. The parts of the topography where the weathered layers were 

modelled had a mesh cell size of 3 m. A 1 m mesh cell size was used in the area where the 

manmade fill was located in some of the velocity profiles. 

 
Figure 7.21: Mesh cell size domains used for our models of Mitchell Street Ridge. The blue region had a mesh cell size 

of 6 m. The red region had a mesh cell size of 3 m. The yellow region had a mesh cell size of 1 m. 
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7.3.1.5. Input signals 

The input signals were derived from the acceleration histories recorded at the bottom 

station MTSB. The horizontal components were rotated in order to obtain the signal 

corresponding to the east – west (profile-parallel) orientation. The vertical component of each 

signal was also used. The signals were cropped and filtered with a Butterworth bandpass filter 

with corner frequencies of 0.5 and 15 Hz with 10 npoles, in order to avoid the frequencies 

above 20 Hz in the model. The Fourier amplitude spectra of the acceleration histories are 

shown in Figures 7.22–7.25. The signals were then upscaled and converted into stress 

histories. The following signals were used: 

 GeoNet ID: 2016p242438. Magnitude 2.2. Signal length 20 sec. 

 GeoNet ID: 2015p974861. Magnitude 3.7. Signal length 28.sec. 

 GeoNet ID: 2016p140897. Magnitude 5.0. Signal length 54 sec. 

 GeoNet ID: 2016p268443. Magnitude 3.8. Signal length 22 sec. 

 
Figure 7.22: Horizontal and vertical acceleration spectrum of the signal 2016p242438, used for our models of Mitchell 

Street Ridge. 
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Figure 7.23: Horizontal and vertical acceleration spectrum of the signal 2015p974861, used for our models of Mitchell 

Street Ridge. 

 
Figure 7.24: Horizontal and vertical acceleration spectrum of the signal 2016p140897, used for our models of Mitchell 

Street Ridge. 
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Figure 7.25: Horizontal and vertical acceleration spectrum of the signal 2016p268443, used for our models of Mitchell 

Street Ridge. 

 

 

7.3.1.6. History Points 

89 history points were located at the surface of the model and numbered 101–189. The 

highest concentration of points was located at the modelled ridges. The history point 132 

coincides with the location of MTSM station, point 153 with the location of MTSB station 

(Figure 7.26). MTSX station was located slightly off the profile (Figure 7.5), so it did not 

coincided exactly with any history point. However, the history point 138 was closest to the 

projection of the station’s location into the plane of our profile. The point 147 was located at 

the break of the slope where manmade fill was included in some of our velocity profiles. The 

spatial distribution of all history points can be found in Appendix D.3. 
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Figure 7.26: Spatial distribution of the history points in the central part of our models. Highlighted are the history 

points coinciding with the seismic stations in the field (132, 138 and 153), as well as point 147, used to illustrate the 

effects of the manmade fill. 

 

 

7.3.2. Model results 

 Similarly to the analysis of the seismic field data, the model results were analysed in 

terms of their spectra and PGA.  

 

 

7.3.2.1. Spectral analysis 

In this section we mostly focus on the detailed analysis of the spectra from the four 

history points, highlighted in Figure 7.26. 

The results can be summarised as follows:  

 The fundamental resonance peak lies between 0.5 and 2.5 Hz, with its maximum at 2 

Hz at the ridge top. The frequency range of this peak remains constant for all the 

velocity profiles. Its amplitude is relatively low (maximum of 2 for the top station) and 

changes only insignificantly between various velocity profiles. 

 The ridge top shows the largest amplification of 2.5–3.4 between 6 and 10–12 Hz. 

This amplification is primarily the result of the topographic effects, but the presence of 

low-velocity layers increases its amplitude. 

 The central part of the slope shows mostly low amplification (less than 1.5). The 

maximum amplification reaches 1.6–2.3 between 7 and 15 Hz. 

 The effect of the manmade fill on the amplification on its surface is significant at 

frequencies above 6–7 Hz. The amplification on its surface is an order of magnitude 

higher than the remaining topographic or geological effects. 
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Figures 7.27 and 7.28 show the horizontal and vertical SSR from all the modelled 

velocity profiles using the input signal 2015p9748617. The results from the models using the 

other three signals follow the same pattern and can be found in Appendix D.4. Figures 7.29, 

7.30 and Appendix C.5 compare the results from the various input motions for each velocity 

profile. From these plots, several observations can be made.  

The horizontal SSR from a single velocity profile does not change significantly for 

different input motions (Figure 7.27), especially at the top of the ridge. 

 The horizontal fundamental resonance peak lies between 0.5 and 2.5 Hz, with its 

maxima at 2 Hz on the ridge top. This peak starts at low frequencies and with very low 

amplitude at the left (eastern) ridge toe and increases its upper frequency range and amplitude 

towards the top of the ridge. The peak is to some extent apparent also at the right (western) 

toe of the ridge where point 153 is located. The amplitude of this peak differs very little 

between various velocity profiles. 

 With exception of the fill wedge in the models MTS52 – MTS55, the highest 

horizontal amplification (up to 3.4) occurs on the ridge top at frequencies 6–9 Hz. This 

amplification has a clear topographic origin, as it is apparent already on the homogeneous 

profile MTS01. The maximum amplitude of amplification is produced by the shallow velocity 

profiles MTS02 and MTS22, and by gradual weathering profiles MTS05 and MTS25. This is 

likely caused by the fact that the resonance frequencies of the low-velocity layer coincide 

with the topography-induced peak. The deepest velocity profiles MTS03 and MTS23 show 

lower maximum amplification than the shallow velocity profiles, but the amplification spans a 

wider frequency range. 

 The midslope point 132 shows low horizontal amplification above the fundamental 

resonance peak, but also relatively strong deamplification (by up to 50%) between 6 and 7 Hz. 

Point 132 shows largest amplification between 8 and 15 Hz. The pattern and amplitude of the 

amplification at this frequency band varies strongly between the velocity profiles. 

 The presence of manmade fill has a profound effect on the amplification on its surface 

at frequencies above 6 Hz and 7 Hz in horizontal and vertical direction respectively. The 

amplification ratios observed at point 147 in the models including the fill (MTS22 – MTS25) 

are of an order higher than the topographic and geological amplification in the other parts of 

the models. The horizontal amplification shows a large peak between 6 and 11 Hz, while the 

vertical amplification shows multiple large peaks between 10 and 15 Hz. 

 The pattern of the vertical amplification is significantly less systematic, more 

dependent on the input signal than the horizontal amplification and mostly similar for all the 

velocity profiles, in particular for frequencies below 10 Hz.  

In order to qualitatively illustrate the model-wide spectral amplification patterns, the 

SSR from all the history points were plotted against their horizontal coordinates (Figures 7.31 

and 7.32). The plots for the remaining combination of velocity profiles and input signals are 

in Appendix D.6. 
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Figure 7.27: Horizontal SSR from all the velocity profiles at a) the midslope point; b) the top of the ridge; c) the 

western edge of the ridge; and d) the toe of the ridge. The plots show the results obtained from the models using the 

signal 2015p9748617 as the input. 
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Figure 7.28: Vertical SSR from all the velocity profiles at a) the midslope point; b) the top of the ridge; c) the western 

edge of the ridge; and d) the toe of the ridge. The plots show the results obtained from the models using the signal 

2015p9748617 as the input. 
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Figure 7.29: Comparison of the horizontal SSR for the history points 132, 138,147 and 153 (each column shows the 

data from one history point) and the velocity profiles MT01 – MTS05 (each row corresponds to one velocity profile). 

Each line in a subplot represents the results obtained using one input signal. 



216 

 

 

 

 
Figure 7.30: Comparison of the vertical SSR for the history points 132, 138,147 and 153 (each column shows the data 

from one history point) and the velocity profiles MT01 – MTS05 (each row corresponds to one velocity profile). Each 

line in a subplot represents the results obtained using one input signal. 
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Figure 7.31: The top figure shows the horizontal SSR (colour) as the function of the frequency (vertical axis) and their 

X coordinates (horizontal axis). This way it is possible to see how the SSR changes across the whole model. The black 

triangles at the bottom of the top plot show the x-coordinates of the actual history points used for the analysis. The 

bottom plot shows the topographic profile across the model with the same the x-scale as the top picture, so position 

within the model can be immediately seen. 
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Figure 7.32: The top figure shows the vertical SSR (colour) as the function of the frequency (vertical axis) and their X 

coordinates (horizontal axis). This way it is possible to see how the SSR changes across the whole model. The black 

triangles at the bottom of the top plot show the x-coordinates of the actual history points used for the analysis. The 

bottom plot shows the topographic profile across the model with the same the x-scale as the top picture, so position 

within the model can be immediately seen. 

 

 

7.3.2.2. Analysis of PGA 

In addition to the spectral analysis, the results of the numerical models were analysed 

in terms of the PGA. The plots showing the horizontal and vertical PGA recorded in the 

models are shown in Figures 7.33, 7.34 and in Appendix D.7. 
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Figure 7.33: Horizontal PGA, as recorded within the central part of the modelss MTS01 – MTS05. Each row shows 

the results for one velocity profile (the codes of the profiles are in the subplot headers); each column shows the results 

from one seismic input signal. 
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Figure 7.34: Vertical PGA, as recorded within the central part of the modelss MTS01 – MTS05. Each row shows the 

results for one velocity profile (the codes of the profiles are in the subplot headers); each column shows the results 

from one seismic input signal. 
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7.3.2.3. Comparison between the numerical models and the field data 

The comparison was carried out using two approaches, as described in Section 4.6.12. 

First, the average ‘real’ SSR (with respect to the input signal), for all modelled velocity 

profiles (calculated from the 3 modelled events) were compared with the average field SSR 

and HVSR for all 241 analysed events (Figures 7.35–7.37). 

 
Figure 7.35: Comparison of the average horizontal ‘real’ SSR from the numerical models with the average field SSR. 

The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one geometric standard 

deviation from the mean. 
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Figure 7.36: Comparison of the average vertical ‘real’ SSR from the numerical models with the average field SSR. 

The geometric mean of the field SSR is plotted with a solid green line; the dotted lines show one geometric standard 

deviation from the mean. 
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Figure 7.37: Comparison of the average horizontal ‘real’ SSR from the numerical models with the average field 

HVSR. The geometric mean of the field HVSR is plotted with a solid green line; the dotted lines show one geometric 

standard deviation from the mean. 

 The match between the average model ‘real’ SSR and the field SSR is acceptable for 

the top station MTSX at frequencies below 7 Hz (vertical component) and 10 Hz (horizontal 

component) respectively. The average model ‘real’ SSR (both horizontal and vertical), 

however, fail to capture the strong amplification peaks occurring at frequencies above 10 Hz. 

The average field HVSR matches the model data slightly better (Figure 7.37). Although there 

is still mismatch in terms of the amplitude, it is lower than in the comparison with the field 

SSR.  

 The match for the midslope station MTSM is poor. Although the model ‘real’ SSR 

match the field data in terms of certain features, such as a peak around 2 Hz, the model SSR 

have significantly lower amplitudes than the field SSR. When compared with HVSR (Figure 
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7.37), the match at frequencies above 7 Hz improves, but at lower frequencies it is still 

unsatisfactory, in particular between 2 and 7 Hz. 

The second approach consisted of comparison of ‘apparent’ SSR (Section 4.6.12) with 

the event-specific SSR of the full signals from the field. The plots comparing both horizontal 

and vertical ‘apparent’ spectral ratios from the best matching velocity profile MTS04 are 

shown in Figures 7.38 and 7.39. Plots comparing the ‘apparent’ SSR with the field SSR for 

other velocity profiles can be found in Appendix D.8. 

Once site effects on the reference station are taken into account through the use of 

‘apparent’ SSR, the match for the vertical components improves, with the exception of 

numerous local amplification peaks, which are generally not predicted by the models. The 

match for the horizontal components remains poor, in particular for MTSM station. 
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Figure 7.38: Comparison of the horizontal 'apparent' SSR from the numerical models with the field SSR, calculated 

from the velocity profile MTS04. The orange line shows the field observations; the green line shows the results from 

the model. The left column shows the results for point 132 (coinciding with MTSM station), the right column shows 

the results for point 138 (coinciding with MTSX station). 
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Figure 7.39: Comparison of the vertical 'apparent' SSR from the numerical models with the field SSR, calculated 

from the velocity profile MTS04. The orange line shows the field observations; the green line shows the results from 

the model. The left column shows the results for point 132 (coinciding with MTSM station), the right column shows 

the results for point 138 (coinciding with MTSX station). 

 

 

 

 

 



228 

 

 

 

7.3.2.4. Model discussion 

The amplification of PGA (Figures 7.33, 7.34 and Appendix D.7) shows a strong 

dependence of the modelled PGA on the input signal, both in terms of its pattern and 

amplitude. The low-frequency dominated signal 2016p140897 produces a mostly uniform 

pattern for all of the velocity profiles, and the difference between the models is mainly in the 

amplitude of the PGA.  

In the models without a wedge of manmade fill (MTS01 – MTS05), the highest 

horizontal PGA is achieved at the top of the Mitchell Street Ridge. The spatial distribution of 

the most intensive vertical amplification depends on the input signal, but mostly includes the 

breaks of the slope and also the top of the ridge west of the Mitchell Street Ridge. 

In the models with a wedge of manmade fill (MTS22 – MTS25), the highest PGA is 

mostly recorded within the area of the fill. This PGA amplification is the highest for the input 

signals with significant high-frequency content (2016p242438 and 2016p268443), where it far 

exceeds the amplification in the rest of the models. In the models with the low-frequency 

dominated signal 2016p140897, the relative PGA amplification is of the same order as in 

other parts of the models. 

Our models show a rather significant discrepancy between the modelled SSR and the 

field data. The mismatch is largest for the horizontal component of the midslope station 

MTSM and can have multiple origins: 

1. Inaccurate representation of the site velocity profile in our numerical models 

2. Topographic effects due to three-dimensionality of the site 

3. The effects of the incidence angle 

Some inaccuracies in the representation of both components of the site velocity 

profiles (material parameters and modelled weathering profiles) were inevitable. The 

uncertainties related to the used material properties have been described in detail in Section 

4.6.4. The modelled weathering profiles were based solely on the field mapping of surface 

outcrops rather than on borehole data. However, in our opinion, the numerous outcrops on the 

eastern flank and the excavation face of the ridge west of the site allowed for relatively 

accurate constraining of the depth of weathering.  

The 3D topographic effects and the effects of the incidence angle seem to be the most 

probable source of the discrepancy. The biggest mismatch between the models and the field 

data lies between 3 and 7 Hz. As discussed in Section 7.2.4.1, the amplification at these 

frequencies is strongly polarised in the direction perpendicular to the spur elongation and is 

likely related to its resonance. This frequency band has also shown large effects of the source 

backazimuth, suggesting the effects of the incidence angle combined with the 3D site effects. 

The effects of backazimuth seems to be also confirmed by the fact that the vertical SSR, 

which shows little effects of the source backazimuth (Figure 7.18) has a significantly better 

match between the models and the field data than the horizontal SSR. 
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7.4. Conclusion 

 The midslope station MTSM shows mean PGA amplification ratios between 3.1 (Z00 

component) and 4.3 (N00 component). The top station MTSX shows mean horizontal 

PGA amplification ratios of approximately 3 and vertical of 2.2. 

 The fundamental transverse resonance of the main ridge occurs probably between 0.5 

and 2.5 Hz, with its maxima on the ridge top at 2 Hz. The upper frequency limit of the 

peak decreases towards the toe of the slope, and the peak is still apparent at the 

reference station MTSB. The fundamental resonance is evident in the numerical 

models and to some extent also on the field HVSR. The amplification at this peak is 

relatively low (< 2), compared to the other site effects. 

 The site effects at the midslope station MTSM are dominated by amplification 

between 3 and 10 Hz. This amplification is strongly polarised approximately 

perpendicularly to the elongation of a local spur and is most likely associated with its 

resonance. The amplification is affected by the source backazimuth both in terms of its 

amplitude and polarisation, with the amplification being strongest for the earthquakes 

with epicentres towards the northeast and the southwest.  Its polarisation is somewhat 

offset from the spur-perpendicular axis on field SSR, possibly due to the effects 

associated with the topography in vicinity of MTSM, unknown geological effects, 

north-south polarised site effects at the reference station, or error during site 

instrumentation. 

 The top station MTSX shows minor site effects at frequencies below 10 Hz, but strong 

amplification (>7 on field SSR) between 10 and 20 Hz, polarised obliquely to the 

dominant axis of the ridge. The origin of this polarization is uncertain. 

 The field data indicate a strong 3D character of the site effects. Some of them can be 

expected in similar conditions, for instance strong amplification approximately 

perpendicular to the elongation of the local spur at MTSM. Other phenomena are 

rather unusual: the offset in the direction of polarisation at MTSM station, oblique 

high-frequency polarisation at MTSX and the lack of correlation between the effects 

of the source backazimuth and the site topography. 

 The numerical models underpredict the field observations. The mismatch is greatest at 

frequencies where the field data show strongly polarised high amplification peaks. 

This suggests that the main cause of the mismatch is the aforementioned 3D character 

of the site effects, which is not captured by the 2D models used in this research. 
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Chapter 8: Saint Gerard’s Monastery 

 
Saint Gerard’s Monastery is located on the top of a steep cliff at the eastern edge of 

the Wellington city centre. It is located within a residential area, dominated by multi-storey 

concrete, masonry and timber houses, and above a major road and a public promenade (Figure 

8.1). 

 
Figure 8.1: Overall setting of the Saint Gerard’s Monastery. Yellow ellipse highlights the investigated cliff and the 

monastery built on its crest. 

The site at Saint Gerard’s Monastery was instrumented prior to the start of this 

research by Z. Bruce and S. Bourguignon (GNS Science). The data were analysed in terms of 

HVSR of the seismic noise by Z. Bruce. Numerical modelling of site effects was undertaken 

by A. Morello (at that time GNS Science) and C. Massey (GNS Science). At the time of 

writing this thesis the results of these analyses have not yet been published. 

This chapter presents the results of an additional analysis of the seismic data, recorded 

on the site. Our analysis used the raw site seismic records (provided by Z. Bruce), as well as 

certain information on the site, collected by various members of GNS Science.  

. 
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8.1. Site characteristics 

 This section describes the topography and geology of the site. 

 

 

8.1.1. Topography 

 Saint Gerard’s Monastery lies near the bottom of the western flank of Mt. Victoria 

(196 meters above the mean sea level).  West and southwest of the site is flat, predominantly 

reclaimed land (Begg & Mazengrab 1996). South and east of the site lies the main ridge of 

Mount Victoria.  North of the site is the Oriental Bay (Figure 4.1). 

The monastery is built on a north-northwest – south-southeast elongated spur, splitting 

off the main ridge (Figure 8.2). Below the monastery lies an approximately 50 m high cliff 

with an overall slope angle of 49° and locally up to 60°. After the 1855 Wairarapa earthquake, 

the area was uplifted and the former beach was used for urban development. The ridge crest 

above the monastery is far less steep (approximately 7°), forming a sharp convex break of 

slope next to the monastery. 

The histogram of the slope angles in the area (Figure 8.3) is dominated by slopes with 

relatively low angle. This reflects the more gradual upper and western part of the spur. 

However, the cliff face is clearly reflected by the relatively high contribution of the slopes 

steeper than 40°–60° (compare Figures 8.3 and 3.6). 

The area is partially build-up, and partially overgrown by shrubs and low trees. 
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Figure 8.2: Shaded topography (upper figure) and the map of the slope angles (bottom figure) in the area of the 

investigated site. Highlighted is the location of the monastery. 
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Figure 8.3: Histogram of the relative area covered by slopes of various angles on the Saint Gerard’s Monastery site. 

The area is measured in the projection into horizontal plane. 

 

 

8.1.2. Geology 
 There is a limited amount of available archived information and outcrops on the site. 

The toe of the cliff is formed by a bed of massive sandstone with large average block size 

(10–40 cm). Occasional fragments of argillite in the colluvium accumulations at the toe of the 

slope suggest presence of argillite beds higher up the cliff face, but as the cliff is mostly 

inaccessible, the character of such bed(s) was impossible to determine in the field. The 

bedrock at the slope toe is moderately weathered. The top of the cliff has been estimated to 

comprise up to 3 m thick layer of colluvium, overlying highly to completely weathered 

Greywacke (Wang & Palmer 2013, N Perrin, 2016, pers.comm, 10 December). 

 No outcrops or archive information suggest presence of faults or shear zones 

intersecting the site. An active fault was discovered in the proximity of the site in 2014 

(Nodder, et al. 2014). However, little was known of the properties of this fault at the time of 

this research. 
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8.2. Seismic observation 

The methodology of our analyses of the data from this site mostly follows the 

methodology described in Section 4.4. Compared to the aforementioned methodology, the 

array installed on this site had a different configuration (Table 8.1).  

 

 

8.2.1. Seismic recording array 

An array of 3 

stations was installed on the 

site between 24.7.2013 and 

early January 2014. In this 

thesis we use station codes 

based on those used by Z. 

Bruce and S. Bourguignon 

during the array 

deployment, so direct 

comparison with their 

results can be made. Table 

8.1 summarises the details 

of the installed stations.  

Station T592 was 

used as the reference station. 

The reference station was 

relocated during the 

operation of the array. 

However, all the 

earthquakes analysed during 

this research were recorded 

while the reference station 

was in its original location. 

The locations of the 

stations are shown in Figure 

8.4.

Station code: T592 

Original GPS 
Coordinates: 

S 41° 17' 28.0134" 

E 174° 47' 30.4866" 

Configuration: Weak motion station 

Bedrock: Moderately weathered Greywacke 

Site location: At the toe of the cliff. 

Station code: T554 

GPS 
Coordinates: 

S 41° 17' 29.436" 

E 174° 47' 27.5994" 

Configuration: Weak motion station 

Bedrock: 
Completely weathered Greywacke or 

colluvium 

Site location: On the crest of the cliff. 

Station code: T606 

GPS 
Coordinates: 

S 41° 17' 29.5188" 

E 174° 47' 27.4668" 

Configuration: Weak motion station 

Bedrock: 
Completely weathered Greywacke or 

colluvium 

Site location: Behind the cliff crest, further up the slope. In 
the basement of the Saint Gerard’s Monastery. 

Table 8.1: The details of the 3 stations, installed on the site of Saint 

Gerard’s Monastery. 
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Figure 8.4: Locations of the seismic stations with respect to the site topography. The blue circles show the locations of 

the seismic stations. The top of the picture is oriented towards geographic north. The North arrow indicates magnetic 

north, towards which the seismic stations were oriented. 

Our preliminary analysis revealed that for the period of the array recording, T606 

station recorded distorted signal from its E00 channel. Although the cause of this distortion 

was impossible to identify with certainty retrospectively, the most probable cause is a cable 

malfunction. Regardless of the cause, the signal from this component was distorted both in the 

time and frequency domains (the distortion in the frequency domain can be seen on the 

average spectrum of the seismic noise in Appendix H.1). This component was, therefore, 

excluded from our analyses. As a result of this malfunction, our polarisation analysis was 

limited to stations T592 and T554. 
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8.2.2. Recorded earthquake data 

The Saint Gerard’s Monastery array was installed soon after the Mw 6.5 Cook Strait 

Earthquake, which took place on the 21.6.2013. During the pre-processing of the seismic data 

it became obvious that our methodology used for other sites (described in Section 4.5.1) was 

unfeasible for the data from Saint Gerard’s Monastery due to a very high number of recorded 

signals, most of which had, however, very poor quality. Consequently, our methodology was 

modified for this site. After the first 320 signals were visually inspected, the further inspection 

of the signals was limited to the events with Mw > 3. The signal inspection was stopped after 

the number of the signals that were visually found to be suitable for further analysis exceeded 

200. 

In the end, 206 earthquakes were analysed (Appendix E.1). The earthquakes were 

predominantly relatively near and shallow aftershocks of the Cook Strait earthquake (Figure 

8.5). None of the recorded accelerations (measured on the 10 s s-wave window) exceed 0.05 

m/s
2
 at any of the stations (Figure 8.6), and all the events can, therefore, be classified as weak 

motion. 

 
Figure 8.5: Spatial distribution of the epicentres of the analysed events with respect to the installed array (red 

diamond in the centre of the picture). The left plot shows the depth of the epicentres of the analysed events, while the 

right plot shows the magnitudes of the events (data from GeoNet catalogue). 
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Figure 8.6: Histograms of the recorded PGA of the 206 analysed events. 
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8.2.3. Seismic data analysis: results 

The pre-processed events were analysed in terms of (see Chapter 4 for details): 

 Amplification of the PGA and Arias intensity  

 Signal spectra, including SSR and HVSR 

 Polarisation 

 

 

8.2.3.1. Amplification of the PGA and Arias intensity  

 The observed amplification ratios of PGA and Arias intensity are summarised in Table 

8.2. 

The cliff-crest station T554 shows the highest mean PGA amplification for E00 

component (5.4), with the amplification for N00 and Z00 being lower (4.1 and 3 

respectively). The amplification ratios of the Arias intensity follow the same pattern, although 

the amplification ratios are higher. 

The top station T606 shows consistent PGA amplification ratios of 1.8 and 1.9 for 

N00 and Z00, respectively. The amplification ratios of the Arias intensity show larger 

variability between channels. 

  

PGA amplification ratio Arias intensity amplification 

Station Component Min Mean Max Min Mean Max 

T554 N00 2.0 4.1 7.2 6.8 18.2 49.1 

T554 E00 2.6 5.4 9.6 16.7 31.2 56.6 

T554 Z00 1.4 3.0 5.6 2.6 9.3 24.3 

T606 N00 1.1 1.9 7.4 2.4 3.9 9.6 

T606 E00 - - - - - - 

T606 Z00 1.0 1.8 6.8 1.4 2.6 5.0 

Table 8.2: The maximum, minimum and mean value of the amplification ratios of PGA and Arias intensity for all 

three components from T554 and 2 components of T606. The following codes are used for the sensor components: N00 

~ north – south; E00 ~ east – west; Z00 ~ vertical component. 

In order to investigate the distribution of the amplification ratios in more depth, 

Figures 8.7 and 8.8 show the histograms of the amplification ratios.  
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Figure 8.7: Distribution of the PGA amplification ratios from T554 (left column) and T606 (right column) for each of 

the three components. The black dashed line shows the geometric mean of the amplification ratios. Its value is written 

at the bottom of the line. 
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Figure 8.8: Distribution of the amplification ratios of the Arias intensity fromT554 (left column) and T606 (right 

column) for each of the three components. The black dashed line shows the geometric mean of the amplification 

ratios. 
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8.2.3.2. Spectral analysis 

 
Figure 8.9: Normalized spectra of the 10 s s-wave windows recorded at the reference station T592 (grey) and the mean 

normalized spectra (red). 

Compared to the spectra from the 

other sites presented in this thesis, the 

spectra of the events recorded on this site 

had higher contribution from low 

frequencies (Figure 8.9). This is caused 

mainly by the relatively larger 

contribution of Mw > 3 earthquakes in the 

analysed data set (see also Section 8.2.2). 

The fact that the reference station T592 

had considerable high-frequency noise, 

and thus a significant part of the high 

frequencies was removed by the filtering, 

also contributed to the final shapes shown 

in Figure 8.9.  

The HVSR of the bottom station 

T592 (Figure 8.10) show an unsystematic 

pattern of many peaks with the maximum 

amplitude of 2.6 (mostly < 2) for 

frequencies up to 17 Hz, and low 

deamplification for frequencies above 17 

Hz.  
Figure 8.10: The results of HVSR from the reference 

station T592. The first plot shows the results for the N00 

component (~ north – south), the second plot for the E00 

component (~ east – west). 
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Figure 8.11: The results of the SSR and the HVSR from stations T554 (midslope; left column) and T606 (top; right 

column). The columns show the results for the top and midslope stations, respectively. The 1
st
, 3

d
 and 5

th
 rows show 

the results for the components N00, E00 and Z00.  The solid lines show the mean value for the spectra, the dotted lines 

show one geometric standard deviation above and below the mean value. The small subplots under each plot show 

how many signal samples exceeded the SNR threshold at each sampled frequency. 

Both horizontal components of T554 (Figure 8.11) show three significant peaks with 

amplitude > 5. The most significant horizontal amplification occurs between 3 and 5–7 Hz. 

This amplification has similar amplitudes on both HVSR and SSR on both horizontal 
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components, although the amplitude and frequency range of this peak are larger for the E00 

component. The mean amplitude of this peak reaches up to 10 (E00) and 7 (N00) respectively. 

This peak is to a lesser extent also present on the N00 component from T606 station (further 

behind the slope crest). Station T554 also shows an amplification peak between 7 and 12 Hz. 

This peak is shown both on HVSR and SSR, although its amplitude varies between the 

methods. The last significant peak is shown on the N00 component between 15–20 Hz. 

The analysed horizontal component of T606 shows one major peak at the same 

frequencies as the major peak of T554, between 3 and 6 Hz. Its amplitude is higher on HVSR 

than on SSR. Both SSR and HVSR also show other peaks at frequencies similar to T606 (7–

12 Hz and 15–20 Hz), but their amplitudes are less than 2 and 3 respectively. 

The vertical SSR from T554 shows two large peaks with mean amplitude of 5–5.8. 

The first peak is at frequencies 5–10 Hz, with its maxima at 7–8 Hz. The second peak occurs 

at 12–25 Hz. The vertical SSR from T606 has significantly lower amplitudes (< 2.6) at a 

broad frequency range 5–17 Hz. Neither station shows any vertical amplification below 4 Hz. 

 

 

8.2.3.3. Polarisation analysis 

 Station T554 has relatively 

strong polarisation of the mean PGA 

amplification (Figure 8.12). The ratio 

between the maximum and minimum 

PGA amplification is 1.36. The 

minimum amplification occurs in 

direction 35°–215°, the maximum 

amplification in direction 125°–305°.  

Figures 8.13 and 8.14 show the 

polarisation of the SSR and the HVSR 

respectively. Both the SSR and the 

HVSR from T554 station show two 

peaks (at 3–5 Hz and around 6 Hz), 

polarised approximately in the direction 

120°–300°. The SSR from T554 also 

shows an additional peak between 7 and 

12 Hz, polarised in a similar direction 

(140°–320°). 

The HVSR from the reference 

station T592 shows multiple peaks 

between 1 and 4 Hz, oriented in 

directions between 160°–340° and 185°–5°. The strongest amplification peak on HVSR, lying 

between 6–9 Hz, is in fact composed of two overlapping amplification peaks, polarised in the 

directions 30°–110° and 140°–320°. 

 
Figure 8.12: Polarisation of mean PGA amplification ratios 

for T554. The lines highlight the azimuths with maximum 

(solid line) and minimum (dashed line) amplification. The 

black arrows show the direction of the dip of the 

northwestern and northeastern cliff face below the station. 

The blue arrow shows the direction of the ridge elongation 

above the station. 
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Figure 8.13: Polarisation of the HVSR from T592 (top) and T554 (bottom). 
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Figure 8.14: Polarisation of the SSR from T554. 
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8.2.3.4. Effects of backazimuth 

 The analysed events were dominated by the aftershocks of the Cook Strait earthquake, 

coming from a narrow range of backazimuths (Figure 8.15). As the events from all the other 

backazimuths were few or lacking, the analysis of the effects of source backazimuth could not 

have been done with any degree of reliability and is thus omitted. 

 
Figure 8.15: The left plot shows the histogram of backazimuths of the analysed events, grouped into 20° wide azimuth 

bands. The radial axis indicates the number of analysed events from each backazimuth band. The right plot shows the 

position of the epicentres of the analysed with respect to the Saint Gerard’s Monastery array (red diamond). 
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8.2.4. Seismic data analysis: discussion 

 Both stations T592 and T554 show a similar pattern of HVSR at frequencies below 2–

3 Hz. At these low frequencies, the HVSR comprises a series of low peaks (< 3) polarised 

approximately in a north – south direction (Figure 8.13). This polarisation suggests these 

peaks are most likely associated with the fundamental elongation-parallel resonance of the 

local ridge and possibly also with the resonance of adjacent Mt. Victoria. As this 

amplification also affects the reference station T592, it is not visible on the SSR. 

 The most significant horizontal amplification at stations T554 and T606 occurs at 3–5 

Hz. This amplification is not shown on the Z00 component and is polarised in the direction 

perpendicular to the ridge elongation (at least for T554). This frequency, therefore, likely 

represents the fundamental ridge-perpendicular resonance of the local ridge.  

 The origin of multiple peaks at higher frequencies (between 7 and 12 Hz and between 

15 Hz and 20–25 Hz is impossible to establish with certainty. However, the likely cause of 

these peaks is either higher resonance modes of the ridge, or the focusing of the reflected or 

converted waves by the cliff faces. It should be noted that the last peak was calculated from a 

relatively low number of events due to high seismic noise at these frequencies, so its 

parameters are less reliable than those of the previous peaks. 
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Chapter 9: Site comparison 
 

This chapter focuses on the contrast and comparison of the case studies presented in 

Chapters 5–8. This comparison has been undertaken using a ‘qualitative’ and ‘quantitative’ 

approach. 

Section 9.1 summarises the geological and topographic conditions of the investigated 

sites. The topographic and geological metrics, used for the ‘quantitative’ comparison are also 

introduced. 

Section 9.2 provides a summary of the seismic site effects on individual sites. The site 

amplification coefficients, used for the ‘quantitative’ comparison are also introduced. 

The comparison using the ‘quantitative’ approach is presented in Section 9.3. The 

purpose of this comparison is to find correlations (or lack of thereof) between the site 

conditions and the site amplification. The comparison was undertaken in two independent 

directions: parallel and perpendicular to the elongation of the main ridge or hill on which the 

array was installed. In the following text we call these directions ‘ridge-parallel’ and ‘ridge-

perpendicular’. 

 The ‘qualitative’ comparison, presented in Section 9.4, focuses on the comparison and 

contrast of those aspects of the case studies which were not captured by the ‘quantitative’ 

comparison. 

  

 

9.1. Summary of site conditions 

 The characteristics of the sites (Owhiro Bay Quarry (Chapter 5), Breaker Bay Cliff 

(Chapter 6), Mitchell Street Ridge (Chapter 7) and Saint Gerard’s Monastery (Chapter 8)) can 

be summarised in the following way: 

 Owhiro Bay Quarry represents a ridge with a valley slope on its northern flank, and a 

coastal slope and quarry slope on its southern flank (using the slope classification of 

Hancox et al. (2015)). Compared to the natural slopes in the area, the quarrying 

operations have removed the weathered bedrock on the southern flank and exposed 

relatively less weathered Greywacke. 

 Breaker Bay Cliff represents a ridge with flanks comprising both valley slopes and 

coastal slopes. The highest coastal slope on the site is a high steep cliff, described in 

detail in Section 6.1.1. A large part of the slope comprises weathered bedrock. 

 Mitchell Street Ridge represents a natural ridgeline, with a local spur in the direction 

perpendicular to the main ridge elongation. The slopes on the site can be classified as 

valley slopes (Hancox, et al. 2015). 

 Saint Gerard’s Monastery represents an end of a ridgeline with a relatively low sea 

cliff (coastal slope) at its toe.  

The overview of the site topographies is given in Figure 9.1. 
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Figure 9.1: Shaded reliefs of the investigated sites, using the same scale. The blue stars mark the locations of the 

seismic stations. a. ~ Mitchell Street Ridge, b. ~ Breaker Bay Cliff, c. ~ Owhiro Bay Quarry, d. ~ Saint Gerard’s 

Monastery. 
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9.1.1. Site topographies 
The topographic cross sections were derived approximately in the directions parallel 

and perpendicular to the elongation of the dominant topographic features on the sites. The 

lines used for constructing the ‘ridge-perpendicular’ and ‘ridge-parallel’ profiles are given in 

Appendix G.1. The topographic cross-sections were used for calculating the following 

topographic metrics (Figures 9.2 and 9.3): 

 Height of the station above the toe of the slope (H). On the ridge-like topographic 

profiles, the mean of the heights of ridge flanks was used. 

 Length of the slope to the station (L). On the ridge-like topographic profiles, the mean 

of the lengths of ridge flanks was used. 

 Slope shape ratio, defined as H/L (Geli, et al. 1988). On the ridge-like topographic 

profiles, the shape ratio was calculated for both flanks individually and the mean value 

was used. 

 Overall slope angle (Hancox, et al. 2015), defined as arctangent of H/L. On the ridge-

like topographic profiles, the overall slope angle was calculated for both flanks 

individually and the mean value was used. 

 Slope sharpness. The slope sharpness is used as an indicator of convexity of the slope 

relief, and is defined as the angle between the slope below and above the station. 

The values of the metrics are given in Table 9.1. It should be noted that not all the 

metrics were derivable for all the profiles (for instance where the profile runs parallel to the 

slope strike, H and L cannot be defined).  
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Figure 9.2: Illustration of the meaning of the metrics, used for describing slope-shaped topographies. L ~ Length of 

the slope (top stations); H ~ Height of the slope (top station); msL ~ Length of the slope (midslope station); msH ~ 

Height of the slope (midslope station); OSA ~ Overall slope angle; tsS ~ Slope sharpness (top station); msS ~ Slope 

sharpness (midslope station). 

 
Figure 9.3: Illustration of the meaning of the metrics, used for describing ridge-shaped topographies. L1, L2 ~ Length 

of the ridge flanks; H1, H2 ~ Height of the ridge flanks; OSA1, OSA2 ~ Overall slope angles of the ridge flanks; S ~ 

Slope sharpness. 

 

 

 

 



252 

 

 

 

 

 

Breaker 

Bay Cliff 

Mitchell 

Street 

Ridge 

Owhiro 

Bay 

Quarry 

Saint 

Gerard's 

Monastery 

R
id

ge
-p

ar
al

le
l p

ro
fi

le
 p

ar
am

et
er

s 

Midslope 

station 

Topography type Slope Ridge 
Sub-

horizontal 
Slope 

Average slope height  [m] 87 31.5 - 46 

Average slope length [m] 100 57.5 - 77 

Average shape ratio 0.87 0.56 - 0.60 

Average overall slope angle  

[°] 
41 29 - 31 

Slope sharpness [°] 132 123 180 155 

Top 

Station 

Topography type Slope Slope Slope Slope 

Average slope height [m] 120 22 167 50 

Average slope length [m] 254 241 359 116 

Average shape ratio 0.47 0.09 0.47 0.43 

Average overall slope angle  

[°] 
25 5 25 23 

Slope sharpness [°] 165 195 165 183 

R
id

ge
-p

er
p

en
d

ic
u

la
r 

p
ar

am
et

er
s Midslope 

station 

Topography type Ridge Slope Slope Ridge 

Average slope height [m] 77 91 84 46 

Average slope length [m] 143 146 100 70 

Average shape ratio 0.54 0.62 0.84 0.67 

Average overall slope angle  

[°] 
28 32 40 34 

Slope sharpness [°] 135 161 165 115 

Top 

Station 

Topography type Ridge Ridge Ridge Ridge 

Average slope height [m] 97 105 141.5 45.5 

Average slope length [m] 177.5 250 202.5 114 

Average shape ratio 0.59 0.42 0.70 0.47 

Average overall slope angle  

[°] 
30 23 35 25 

Slope sharpness [°] 133 151 114 125 

Table 9.1: The values of the metrics used to describe the topographic profiles at the locations of the seismic stations. 

The ridge-type topographies gave two values for the slope height, slope length, shape ratio and overall slope angle (as 

shown in Figure 9.3), while the slope-type topographies gave only a single value. The values of metrics labelled as 

‘average’ contain the average of the two measurements for the ridge-type topographies and the single measured 

values for the slope-type topographies (average of one value). 
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9.1.2. Site geology 

 Geology affects the site response in multiple ways (Section 2.2.2). In this chapter we 

compare the site amplification coefficients with the theoretical amplification due to the 

impedance contrast alone (Section 2.1). 

 The effects of the impedance contrast were calculated from the weathering grades of 

the bedrock at the locations of our seismic stations and from the estimated mechanical 

properties (bulk density and shear wave velocity), given in Tables 4.1 and 6.5. The 

weathering grades, corresponding values of impedance and the theoretical amplitude increase 

(calculated using equation 2.2 in Section 2.1) are given in Table 9.2. Note that, for the reasons 

described in Section 4.6.4, the parameters given in Table 9.2 are generalized and do not take 

into account several factors affecting the seismic impedance in the field (such as the amount 

of jointing of the bedrock). Consequently, the values given for impedance and theoretical 

amplification ratios are mostly indicative.  

The weathering grade of the underlying bedrock was uncertain in the case of some of 

the stations. For those, the analysis was undertaken using a range of possible values.  

 

Weathering grade Impedance [kg*s/m2] 
Theoretical impedance 

amplification ratio 

 

Lower limit Upper limit Lower limit Upper limit Lower limit Upper limit 

BBCX HW CW 1.71E+06 1.37E+06 1.41 1.57 

BBCT CW 1.37E+06 1.57 

MTSM MW 2.04E+06 1.29 

MTSX MW 2.04E+06 1.29 

OWQX SW MW 3.38E+06 2.04E+06 1.00 1.29 

OWQT HW 1.71E+06 1.41 

T554 CW Colluvium 1.37E+06 2.70E+05 1.57 3.54 

T606 CW Colluvium 1.37E+06 2.70E+05 1.57 3.54 

Table 9.2: The left column shows the summary of the weathering grades of the bedrock in the vicinity of the analysed 

seismic stations. SW ~ Slightly weathered, MW ~ Moderately weathered, HW ~ Highly weathered, CW ~ Completely 

weathered. The middle column contains the corresponding values of impedance, calculated from the generalized 

parameters from Table 4.1. The right column gives the theoretical increase in the amplitude of the seismic wave, 

calculated from the weathering grade for each station and from the impedance of unweathered Greywacke.  

The lack of subsurface geological information for our sites also means that 

quantification of site effects caused by the resonance of low-velocity layers, if they exist, is 

not possible. 

 

 

9.2. Site Amplification 

The site amplification was correlated with the topographic and geological metrics 

using two main sets of parameters: parameters describing the amplification of PGA (given in 

Table 9.3) and parameters describing the fundamental resonance peak (given in Table 9.4).  

The PGA amplification is of primary interest for engineers, but as it is mainly 

contributed to by high frequencies, it also reflects the high-frequency amplification of the 



254 

 

 

 

sites. The fundamental resonance, on the other hand, represents the low-frequency behaviour 

of the sites. 

 The fundamental resonance of the topography was described by two main sets of 

parameters: its frequency and amplitude. The frequency was derived from the combination of 

field observations and numerical models where possible. The frequency range was described 

by three parameters: lower limit, peak (frequency where the peak has the maximum 

amplitude) and the upper limit. The amplitude of the peak was analysed independently for the 

HVSR, SSR and numerical models (using the ‘real’ SSR approach). As the models were 

conducted as a parametric study, the amplitude obtained from the numerical models was 

described as an interval across all models. 

In the case of the midslope stations (BBCX, MTSM, OWQX and T606) the 

fundamental resonance peaks given in Table 9.4 can have two different origins, depending on 

the character of the topography and the analysed cross section. Where a midslope station was 

located on a slope-like topography below the top station (Topography type: ‘Slope’ in Table 

9.1), the resonance in the direction of the cross section was associated with the resonance of 

the whole edifice. In several cases, the midslope station was located on the top of a local spur 

(Topography type: ‘Ridge’ in Table 9.1, also highlighted in grey in Table 9.3). In these cases, 

the resonance in the direction of the cross section represented the resonance of the top of the 

spur (similarly to the analysed top stations), independent on the resonance of the large edifice.  

Finally, Figures 9.4 and 9.5 give the comparison of the SSR and HVSR from the 

investigated sites.  

It has to be restated that these parameters are based on the analysis of weak motion 

events, within the assumed linear elastic behaviour of rock. For strong motion events, the 

PGA amplification ratios are likely to be lower, and the properties of the fundamental 

resonance peak might also differ to some extent (see also Section 2.2.2.3). 

 

  

BBCX BBCT MTSM MTSX OWQX OWQT T554 T606 
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Ridge-parallel 
1.96 1.52 1.68 1.34 2.44 3.2 - - 

Ridge-

perpendicular 

1.54 1.44 2.34 1.50 1.37 2.34 - - 

Vertical 1.66 1.49 1.29 1.12 1.49 1.59 - - 

Polarisation ratio 1.34 1.17 1.14 1.23 1.34 1.07 1.36 - 

M
ea

n
 P

G
A

 

A
m

p
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n

 

Ridge-parallel 
5.70 2.92 4.34 2.99 1.13 1.99 4.07 1.92 

Ridge-

perpendicular 

7.19 2.90 3.86 3.11 0.88 2.01 5.42 - 

Vertical 4.92 2.51 3.12 2.19 1.21 1.96 2.97 1.76 

Table 9.3: Summary of the PGA amplification coefficients for the analysed seismic stations. The backazimuth 

amplification ratio was calculated by as the ratio between the maximum and the minimum mean PGA amplification 

shown by the backazimuth analyses.  The polarisation ratio was calculated in a similar way as the ratio between the 

maximum and minimum mean PGA amplification given by the polarisation analyses.    
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Station 

   

BBCX BBCT MTSM MTSX OWQX OWQT T556 

R
id

ge
-p

ar
al

le
l 

Frequency 

[Hz] 

Lower limit  0.8 1 3.2 - 0.8 0.8 0.8 

Peak 1.5 1.6 4 - 0.9 0.9 1.5 

Upper limit 1.8 2 4.5 - 1 1.1 1.8 

A
m

p
lif

ic
at

io
n

 

From HVSR - 3.7 4 - 1.7 1.9 2 

From SSR - 2 6.8 - - - - 

From numerical 

models - lower 

limit 

1.4 1.4 - - - - - 

From numerical 

models - upper 

limit 

1.5 1.7 - - - - - 

R
id

ge
-p

er
p

en
d

ic
u

la
r 

Frequency 

[Hz] 

Lower limit  3 - 0.5 0.5 0.5 0.5 3 

Peak 3.5 - 1.8 2 1.6 1.8 4 

Upper limit 4 - 2.5 2.5 2 2.5 6 

A
m

p
lif

ic
at

io
n

 

From HVSR 5.8 - 2 2 2 2.7 9.8 

From SSR 17.5 - - - 1.3 1.5 13 

From numerical 

models - lower 

limit 

1.8 - 1.3 1.35 1.5 1.7 - 

From numerical 

models - upper 

limit 

2.8 - 1.35 1.55 1.7 2.3 - 

Table 9.4: Summary of the properties of the fundamental resonance peaks identified for our stations. The frequency 

ranges were based on the results of the polarisation of the HVSR and of the numerical models (where undertaken). 

The maximum amplification at the fundamental resonance peak is given individually for the HVSR, the SSR and 

numerical models. Highlighted in grey are the cases where a midslope station was located on the top of a spur in the 

particular projection, and the given parameters thus represent the resonance of the spur top rather than of the flank 

of a larger slope. Note that station T606 from the Saint Gerard’s site is missing in the table. The fundamental 

resonance peak was not identified for this station, because a malfunctioned component of the station made the 

polarisation analysis of HVSR impossible and the site was not modelled (see also Chapter 8). The remaining missing 

values reflect cases where the models in the particular orientation were not made or where the peak was not 

observable in the field data. 
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Figure 9.4: Comparison of the mean SSR from the top stations (left column) and midslope stations (right column) in 

the ridge-parallel (top row), ridge-perpendicular (middle row) and vertical direction (bottom row). 



257 

 

 

 

 

Figure 9.5: Comparison of the mean HVSR from the top stations (top row), midslope (middle row) and bottom station 

(bottom row) in the ridge-parallel (left column) and ridge-perpendicular (right column). 
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9.3. Quantitative comparison 

 This section presents the correlation between the topographic and geological metrics 

(Table 9.1) and the amplification coefficients (Tables 9.2–9.4). 

 

 

9.3.1. Results 

 

 

9.3.1.1. Comparison of the PGA amplification ratios and topographic and 

geological metrics 

Figures 9.6–9.10 present the comparison of the mean PGA amplification ratios with 

the slope length (Figure 9.6), slope height (Figure 9.7), slope shape ratio (Figure 9.8), average 

overall slope angle (Figure 9.9), slope sharpness (Figure 9.10) bedrock impedance (Figure 

9.11) and theoretical impedance-induced amplitude increase (Figure 9.12). Slope sharpness 

provides the best correlation with the PGA amplification ratios (Figure 9.10), in particular for 

the midslope stations. A linear trend was fit through the data points from the midslope 

stations, using the least square method. Assuming the linear trend can be described as: 

 𝑚𝑒𝑎𝑛 𝑃𝐺𝐴 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 = 𝑐 + 𝐴 ∗ 𝑠𝑙𝑜𝑝𝑒 𝑠ℎ𝑎𝑟𝑝𝑛𝑒𝑠𝑠 (9.1) 

the parameters describing the linear trend are given in Table 9.5. 

 
c A 

Coefficient of 

determination (R2) 
Standard error (est) 

Horizontal PGA 

amplification ratio 
14.9 -0.074 0.6010 1.285 

Vertical PGA 

amplification ratio 
8.8 -0.039 0.4090 1.009 

Table 9.5: Parameters describing the best-fitting linear trend between the slope sharpness (measured in °) and the 

PGA amplification in horizontal and vertical direction. 
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Figure 9.6: Comparison of the slope length with mean a) horizontal and b) vertical PGA amplification ratio. 

 
Figure 9.7: Comparison of the slope height with mean a) horizontal and b) vertical PGA amplification ratio. 
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Figure 9.8: Comparison of the shape ratio with mean a) horizontal and b) vertical PGA amplification ratio. 

 
Figure 9.9: Comparison of the overall slope angle with mean a) horizontal and b) vertical PGA amplification ratio. 
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Figure 9.10: Correlation of the slope sharpness and mean a) horizontal and b) vertical PGA amplification ratio. Solid 

line shows a linear trend through the midslope station points. Dashed lines show the 95% confidence interval 

(calculated as the linear trend ± 2*est). Table 9.5 gives the coefficients, describing the linear trends. 
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Figure 9.11: Comparison of the mean PGA amplification ratio in a) ridge-parallel, b) ridge-perpendicular and c) 

vertical direction with the impedance of the bedrock below the analysed station. The arrow marks the uncertainty in 

the bedrock weathering grade used for calculating the seismic impedance. 
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Figure 9.12: Comparison of the mean PGA amplification ratio in a) ridge-parallel, b) ridge-perpendicular and c) 

vertical direction with the theoretical amplitude amplification induced by the impedance contrast. The arrow marks 

the uncertainty in the bedrock weathering grade used for calculating the theoretical impedance-induced amplitude 

increase. 
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9.3.1.2. Comparison of the fundamental resonance peaks and topographic and 

geological metrics 

Figures 9.13, 9.15, 9.17, 9.18 and 9.19 show the comparison of the frequency range of 

the fundamental frequency peak with the topographic metrics. Figures 9.14 and 9.16 give the 

correlation between the wavelength corresponding to the fundamental resonance frequency 

(referred to as fundamental resonance wavelength) and the slope length and height 

respectively. A linear trend was fit through the data using the least-square method. Assuming 

the linear trend can be described as: 

 𝐹𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ = 𝐴 ∗ 𝑆𝑙𝑜𝑝𝑒 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 (9.2) 

the parameters describing the linear trend are given in Table 9.6. 

 
A 

Coefficient of 

determination (R2) 
Standard error (est) 

Slope length [m] 3.5 0.86 138.56 

Slope height [m] 6.9 0.8 168.67 

Table 9.6: Parameters describing the best-fitting linear trend between the slope dimensions (length and height) and 

the fundamental resonance wavelength. 

Figures 9.20–9.24 show the correlation between topographic metrics and the 

maximum amplitude of the fundamental resonance peak, calculated from the numerical 

models (using the ‘real SSR’ approach), HVSR and SSR. Figures 9.25 and 9.26 give the 

correlation between maximum amplitude of the fundamental resonance peak, calculated from 

HVSR and SSR, and the bedrock impedance and theoretical impedance amplification 

respectively. 

In order to get meaningful correlations, some of the data points representing the 

midslope stations were excluded from the analyses. As stated in Section 9.2, in certain cross 

sections the midslope stations were located on the flanks of a slope-like topography. In these 

cases (Topography type: ‘Slope’ in Table 9.1), the properties of the fundamental resonance 

peak at the midslope stations are controlled by the whole topography, rather than by the 

metrics describing the sites of the midslope stations, and the corresponding data points were 

thus excluded from the comparison.  
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Figure 9.13: Comparison of the fundamental resonance frequency with the slope length (horizontal distance between 

the station and the slope toe). The error bars show the approximate frequency range of the fundamental resonance 

peak, with the marker showing the frequency of its maximum amplitude. 

 
Figure 9.14: Correlation between the wavelength corresponding to the fundamental resonance frequency and the 

slope length (horizontal distance between the station and the slope toe). The wavelength was calculated assuming the 

seismic velocity Vs = 1322 m/s. The error bars show the range of the fundamental resonance peak, with the marker 

showing the wavelength of its maximum amplitude. Solid line shows the best fitting linear trend between the slope 

length and the wavelength of the maximum amplitude of the resonance peak. Dashed lines show the 95% confidence 

interval (calculated as the linear trend ± 2*est) 
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Figure 9.15: Comparison of the fundamental resonance frequency with the slope height (vertical distance between the 

station and the slope toe). The error bars show the approximate frequency range of the fundamental resonance peak, 

with the marker showing the frequency of its maximum amplitude. 

 
Figure 9.16: Correlation between the wavelength corresponding to the fundamental resonance frequency and the 

slope height (vertical distance between the station and the slope toe). The wavelength was calculated assuming the 

seismic velocity Vs = 1322 m/s. The error bars show the range of the fundamental resonance peak, with the marker 

showing the wavelength of its maximum amplitude. Solid line shows the best fitting linear trend between the slope 

length and the wavelength of the maximum amplitude of the resonance peak. Dashed lines show the 95% confidence 

interval (calculated as the linear trend ± 2*est) 
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Figure 9.17: Comparison of the fundamental resonance frequency with the shape ratio. The error bars show the 

approximate frequency range of the fundamental resonance peak, with the marker showing the frequency of its 

maximum amplitude.  

 
Figure 9.18: Comparison of the fundamental resonance frequency with the overall slope angle. The error bars show 

the approximate frequency range of the fundamental resonance peak, with the marker showing the frequency of its 

maximum amplitude. 
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Figure 9.19: Comparison of the fundamental resonance frequency with the slope sharpness. The error bars show the 

approximate frequency range of the fundamental resonance peak, with the marker showing the frequency of its 

maximum amplitude.  
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Figure 9.20: Comparison of the slope length with the maximum amplitude of fundamental resonance peak, as shown 

by the a) numerical models, b) HVSR and c) SSR. 
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Figure 9.21: Comparison of the slope height with the maximum amplitude of fundamental resonance peak, as shown 

by the a) numerical models, b) HVSR and c) SSR. 



271 

 

 

 

 
Figure 9.22: Comparison of the shape ratio with the maximum amplitude of fundamental resonance peak, as shown 

by the a) numerical models, b) HVSR and c) SSR. 
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Figure 9.23: Comparison of the overall slope angle with the maximum amplitude of fundamental resonance peak, as 

shown by the a) numerical models, b) HVSR and c) SSR. 
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Figure 9.24: Comparison of the slope sharpness with the maximum amplitude of fundamental resonance peak, as 

shown by the a) numerical models, b) HVSR and c) SSR. 
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Figure 9.25: Comparison of the maximum amplitude of fundamental resonance peak, as shown by the a) HVSR and 

b) SSR, with the impedance of the bedrock below the analysed station. The arrow marks the uncertainty in the 

bedrock weathering grade used for calculating the bedrock impedance. 
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Figure 9.26: Comparison of the maximum amplitude of fundamental resonance peak, as shown by the a) HVSR and 

b) SSR, with the theoretical amplitude amplification induced by the impedance contrast. The arrow marks the 

uncertainty in the bedrock weathering grade used for calculating the theoretical impedance-induced amplitude 

increase. 
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9.3.2. Discussion 
The PGA amplification ratios observed on our sites are within the range of values 

commonly found in the literature, and given in Table 2.1. All of the top stations show similar 

PGA amplification ratios approximately between 2 and 3, with the vertical amplification 

ratios being slightly lower than the horizontal ones. The PGA amplification ratios at the 

midslope stations show larger scatter and mostly larger mean PGA amplification ratios than 

the top stations. The largest mean PGA amplification ratio we observed (at the BBCX station, 

located on the crest of a steep cliff) was 7.2, which is in the same range as the largest PGA 

amplification ratios observed, for instance, by Del Gaudio & Wasowski (2011) and Wood 

(2013). 

The top stations show poor correlation between the topographic metrics and PGA 

amplification coefficients. The midslope stations show relatively good correlation between the 

PGA amplification and the Slope sharpness (R
2
 0.6 and 0.4 for horizontal and vertical 

component, respectively). This correlation confirms the strong effects of slope curvature on 

the site amplification, modelled by Torgoev & Havenith (2012), Torgoev & Havenith (2016) 

and others. 

 Overall, there is a negative correlation between the bedrock impedance and the PGA 

amplification, indicating that the more weathered bedrock (with lower impedance) contributes 

to increased PGA amplification (Figure 9.11). The total amplification is, however, 

significantly larger than the amplification caused purely by the amplitude increase due to 

impedance contrast (Figure 9.12). This is an expected result, as the ‘amplitude increase’ did 

not in any way consider the resonance or wave reflections within the weathered layers. 

The fundamental resonance frequencies identified at our sites show good correlation 

with slope height (R
2
 of 0.8) and slope length (R

2
 of 0.86). Our correlation suggests that for 

our sites, the following relationship is valid: 

 λ ~ 6.9 ∗ 𝑠𝑙𝑜𝑝𝑒 ℎ𝑒𝑖𝑔ℎ𝑡  (9.3) 

and 

 λ ~ 3.5 ∗ 𝑠𝑙𝑜𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ  (9.4) 

where λ is the wavelength of the maximum amplitude of the fundamental resonance peak.  

The observed correlations indicate higher trends between the fundamental resonance 

wavelength and the slope dimension than the data collected by Massa, et al. (2014) (Figures 

9.27–9.28). One of the reasons for this disagreement might lie in the method used for the 

identification of the fundamental resonance peak. The sources compiled by Massa, et al. 

(2014) mostly used SSR as their main method. However, SSR can be insensitive to the 

fundamental resonance peak due to site effects at the reference station (Section 2.3.1). Our 

analysis predominantly used HVSR polarisation for establishing the fundamental resonance 

frequency. 

Our relationship between the ridge width and the fundamental resonance wavelength 

has slightly higher slope than suggested by the close-form analytical solution of  Paolucci 

(2002) (Figure 9.27). This might point towards overestimation of the average shear wave 

velocity of Greywacke in our calculations. In addition, differences between our results (based 
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predominantly on the field data from complex ridges) and a theoretical resonance of an 

infinite triangular ridge can be expected.  

 
Figure 9.27: Correlation between fundamental resonance wavelength and a ridge width, as identified by this research 

(black marks), by the analytical solution of Paolucci (2002) (blue and red) and by the field studies compiled by Massa, 

et al. (2014) (grey marks). Black dashed line shows a linear trend calculated from our data. Both Paolucci (2002) and 

Massa, et al. (2014) analysed the ridge-shaped topographies and used slope width (the horizontal dimension of the 

ridge) as the topographic metric. Consequently, this plot contains only our data from the ridge-shaped profiles (Table 

9.1). For our profiles, the ridge width was calculated as 2*L. 

 
Figure 9.28: Comparison of fundamental resonance wavelength with a ridge height, as identified by this research 

(black marks) and by the field studies compiled by Massa, et al. (2014) (grey marks). 
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The amplitudes derived from HVSR and to lesser extent also from numerical models 

show systematic patterns when compared to the topographic metrics and geological metrics. 

The amplitudes derived from HVSR have positive trends in the case of shape ratio and overall 

slope angle and negative trends in the case of Slope sharpness, slope length and slope height. 

However, the negative correlation with the slope height and length can be mostly attributed to 

the fact that the midslope stations we analysed had smaller topographic dimensions, while 

showing higher amplification factors associated with resonance of sharp local spurs.  

Similarly to the correlation with PGA, the amplitude of the fundamental resonance 

shows positive correlation with impedance contrast, although the increase in amplitude of the 

peak is significantly larger than could be explained purely by the theoretical impedance-

induced amplitude increase. 

The amplitudes of SSR show no correlation with topographic or geological metrics, 

thus confirming the limitations of SSR for identification of the fundamental resonance peak. 

 

 

9.4. Qualitative comparison 

The pure topographic horizontal amplification in our numerical models show good 

agreement with the data of Ashford, et al. (1997) and Rizzitano, et al. (2014) in terms of 

predicted frequency pattern, although the amplitude of amplification in our models was 

somewhat higher (Figure 9.29). This disagreement can be most likely attributed to the 

difference in the slope morphology and in topography type (Section 2.2.1.2). The SSR from 

the models of Breaker Bay Cliff (convex slope-type topography with the overall slope angle 

of approximately 25°) provides the best match in amplitudes, although the amplitudes in our 

models are still slightly higher. Owhiro Bay Quarry had a distinctive ridge-type morphology 

(with both flanks having the overall slope angle of approximately 35°) where the increased 

amplitudes of both resonance peak and higher frequencies can be expected (Gischig, et al. 

2015; Torgoev & Havenith 2016). Mitchell Street Ridge represented a wide ridge-shaped 

topography (with flanks having the average slope angle of 25° and 20° respectively) with a 

local, highly convex ‘hillock’ on the top (Figure 7.19), which would be expected to cause an 

increased high-frequency amplification (Torgoev & Havenith 2016).  
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Figure 9.29: Comparison of mean horizontal amplification from pure topographic models of Owhiro Bay Quarry, 

Breaker Bay Cliff and Mitchell Street Ridge (solid lines) with the results of Ashford, et al. (1997) and Rizzitano, et al. 

(2014) in Rizzitano, et al. (2014). The grey and black marks correspond to the horizontal amplification on the crest of 

a homogeneous slopes of various angles (i) for different wavelengths (λ) with respect to the slope height (H). In order 

to compare our data with the results of Ashford, et al. (1997) and Rizzitano, et al. (2014), we have plotted the mean 

‘real’ horizontal SSR from our purely topographic models OWQ01, BBC01 and MTS01 using the same H/ λ 

parameter on the horizontal axis.  

Although this comparison with the data of Ashford, et al. (1997) and Rizzitano, et al. 

(2014) provided a useful way for verification of our models, its importance for predicting the 

response of real slopes is debatable. The results of the numerical models and the field data 

suggest that the relationship of Ashford, et al. (1997) and Rizzitano, et al. (2014) might indeed 

be applied for predicting the frequency range of the first, fundamental resonance peak, as it 

does not change significantly for different velocity profiles or different slope geometries. 

Amplitude of the fundamental resonance peak and the site response on higher frequencies are, 

however, controlled by the effects of site geology and complex geometry, not reflected in the 

simplified relationship presented in Figure 7.19.  

There is a strong similarity between some stations in terms of the mean SSR and 

HVSR. Figure 9.4 shows a strong similarity between the SSR from the midslope stations 

MTSM (Mitchell Street Ridge), T554 (Saint Gerard’s Monastery) and BBCX (Breaker Bay 

Cliff), although the amplitude of the SSR from BBCX is in general larger. In terms of HVSR 

(Figure 9.5), the top stations OWQT (Owhiro Bay Quarry), BBCT (Breaker Bay Cliff) and 

MTSX (Michel Street Ridge) show a strong similarity over a wide range of frequencies. The 

same is true for the ridge-perpendicular component of OWQB and MTSB (Owhiro Bay 

Quarry and Mitchell Street Ridge, respectively).  
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Most of the stations showing similar SSR and HVSR were installed in qualitatively 

analogous conditions. The midslope stations MTSM, T554 and BBCX were installed on a 

local spur or ridge near a convex break of a slope, on moderately to completely weathered 

bedrock. OWQX station, showing markedly different SSR, was installed in a central part of a 

relatively planar slope. The top stations and BBCT, OWQT and MTSX were located on the 

tops of elongated ridges. In case of BBCT and OWQT, which show the strongest similarity of 

HVSR, the ridge was gradually sloping along its elongation. The remaining ‘top’ station T606 

was located near the break of a slope on a sharp local ridge and close to the ‘midslope’ station 

T554. Consequently, T606 station shows more similarity with the midslope stations than with 

the other top stations. Locations of stations OWQB and MTSB share relatively little in 

common, except being located at the toe of a relatively planar slope (compared to BBCB and 

T592, located near the ends of spurs). Despite similar overall setting of these stations, the 

locations of the stations vary in details of both their topography and geology (Tables 9.1 and 

9.2). The observed level of similarity of SSR and HVSR is thus hard to explain. In addition, 

there is no apparent factor controlling whether the stations show similar SSR or HVSR.  

All investigated stations show polarisation of both SSR and HVSR. The polarisation is 

in general strongest for the midslope stations and weakest for the reference stations. The top 

stations show a variable amount of polarisation ranging from strong (BBCT on the Breaker 

Bay Cliff) to relatively weak (MTSX on the Mitchell Street Ridge). All studied midslope 

stations show polarisation mainly at the ‘intermediate’ frequencies, between 2 and 10 Hz. 

This frequency range also includes the fundamental resonance peaks transverse to the 

elongation of local ridges. With the exception of MTSX, the polarisation at the midslope 

stations shows good correlation with the slope morphology.  

Worth noting is the strong similarity between the PGA polarisation ratios from most 

of the midslope stations. Three out of four stations (BBCX, OWQX and T554) reach values of 

1.34–1.36. This ratio is consistent, although the mean PGA amplification from which it is 

derived varies strongly between the stations. The reason for this similarity remains unclear, as 

there is no apparent aspect of the site topography or geology that would be shared by these 

three particular midslope stations. The polarisation patterns at the top stations are more 

complex and their correlation with the site topography can be problematic. The reference 

stations show a rather complicated polarisation of the HVSR, although the amplitudes of the 

HVSR are low in all cases. 

 The source backazimuth has a profound effect on the horizontal site amplification. In 

terms of the PGA amplification ratios, the effects of the source backazimuth are stronger than 

the effects of the site polarisation. The effects of the source backazimuth are apparent for the 

whole range of analysed frequencies. In contrast to Hartzell et al. (2014), Hartzell et al. (2016) 

and others, the observed effects cannot be easily correlated with the elongation of the site 

topography. The observed effects of the backazimuth might be partially contributed to by site 

effects on the reference station. Unlike the horizontal components, the vertical components 

from most of the stations show little effects of the source backazimuth. 
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Chapter 10: Conclusions and recommendations 
 

The seismic response of four sites in the Wellington area was investigated using field 

seismic recording and numerical modelling. During the field study, continuous seismic 

records with a combined length of over 100 months were recorded at four sites in the 

Wellington area. This allowed for extraction of a large number of weak-motion earthquake 

signals, which were used for evaluating the seismic response using the analysis of PGA 

amplification ratios, SSR and HVSR. Parametric numerical modelling was undertaken in 

order to further investigate the observed site effects and to assess the applicability of 2D 

numerical models for modelling the sites in the region under assumed elastic conditions. 

 

 

10.1. Conclusions 

 The key findings of this research can be summarised as follows: 

 

 

10.1.1. Characteristic trends at the sites 

 There are significant differences in the seismic response of the individual sites. The 

site response is a result of complex interaction between the site geology, topography 

and the incidence angle (manifested as the effects of the source backazimuth). 

 There are significant differences between the stations located on the tops of the ridges 

and in the central parts of the slopes. 

o The stations on the tops of the slopes and ridges show relatively low mean 

amplification (2–3.1 for the horizontal PGA). The PGA amplification on the 

ridge tops does not correlate with the parameters used to describe the 

topography. 

o The stations in the central parts of the slopes show mostly larger amplification, 

but also larger scatter between the stations. The mean PGA amplification ratios 

correlate well with the Slope sharpness. 

o The stations on the tops of the slopes consistently show peaks corresponding to 

the fundamental resonance of the whole slope/ridge, although the peaks have 

only moderate amplitudes. At the midslope stations, the fundamental resonance 

peaks of the whole slope/ridge are usually overprinted by stronger local site 

effects. 

 All stations show strong effects of the source backazimuth on the spectral response of 

the sites. These effects are also observed for distant events (with epicentral distance > 

300 km). The spectrum of the incoming signal also affects the amplification of PGA 

and Arias intensity. 

 The majority of the stations show strong polarisation of site effects. The polarisation 

in the central parts of slopes mostly correlates with the local topography: the 

maximum amplification is usually observed in the directions perpendicular to 
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elongation of local spurs and/or in the directions of local slope dip. Polarisation of the 

top and reference stations is more complex and related to the three-dimensionality of 

the investigated sites. 

 

 

10.1.2. Reliability of numerical models 

 The match between numerical models and the site observations strongly varies 

between the individual sites. Confirmation (validation) of the numerical models with 

the field data is, therefore, absolutely critical. 

 Our 2D numerical models mostly underpredict the field observations. In particular, the 

numerical models fail to predict strongly polarised amplification peaks, observed in 

the central parts of the slopes. 

 We have suggested several main reasons for the model – field data mismatch: 

o Three-dimensionality of the sites 

o Effects of the incidence angle 

o Effects of the small-strain nonlinearity of the fractured rock mass (‘Strain 

hardening’ in Section 2.2.2.3) 

o Miss-representation of the velocity structure of the sites 

 The method of ‘apparent’ spectral ratios, formulated during this research, provides a 

robust method for the validation of numerical models. 

 

 

10.1.3. Dominant relationships 

 The observed site effects cannot be calculated using a single site-describing parameter. 

The site response is also spatially variable (e.g. is different at the slope crest and on 

slope flanks). Simplified topographic amplification factors used in codes of practise 

such as Eurocode 8 (JRC European Commission 2012) must, therefore, be treated with 

caution as very generalized approximations and not as a substitution for detailed site 

investigation. This is especially valid for sites on the flanks of the hills or above steep 

cliffs. 

 However, multiple site-describing parameters correlate with certain aspects of the site 

response: 

o The mean amplification of PGA shows good correlation with the slope 

sharpness (representing the slope curvature) for the stations on the slope 

flanks. The correlation can be described using the following linear trends (R
2
 

and est are given in Table 9.5): 

 𝑚𝑒𝑎𝑛 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑃𝐺𝐴 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜

= 14.9 − 0.074 ∗ 𝑠𝑙𝑜𝑝𝑒 𝑠ℎ𝑎𝑟𝑝𝑛𝑒𝑠𝑠 
(10.1) 

 𝑚𝑒𝑎𝑛 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑃𝐺𝐴 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜

= 8.8 − 0.04 ∗ 𝑠𝑙𝑜𝑝𝑒 𝑠ℎ𝑎𝑟𝑝𝑛𝑒𝑠𝑠 
(10.2) 
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o Amplification of PGA and the amplitude of the fundamental resonance peak is 

to some extent dependent on the bedrock impedance. 

o Slope height and length provide good correlation with the wavelength 

corresponding to the fundamental resonance frequency (λ). The correlation can 

be described using following linear trends (R
2
 and est are given in Table 9.6): 

 λ = 6.9 ∗ 𝑠𝑙𝑜𝑝𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 (10.2) 

 λ = 3.5 ∗ 𝑠𝑙𝑜𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (10.3) 

Note that all our conclusions were drawn using the assumption of linear elasticity, and 

are thus valid for weak motion events only. During strong motion events, the rock 

nonlinearity is likely to play an important role (see Section 2.2.2.3 for details). 

 

 

10.2. Recommendations 

To reliably assess the response of the slopes in the Wellington area to a local, large-

magnitude earthquake, we recommend the following issues be addressed by future research: 

 More detailed geological investigation of the hills in the Wellington area, focussed in 

particular on the assessment of the weathering profile would provide a valuable 

constraint for future numerical models of the slopes in the area. 

 Addressing the remaining three factors inferred to contribute to the model – field 

observation mismatch, in order to improve the ability to calibrate the numerical 

models with the field data:  

o Investigation of the effects of the small-strain nonlinearity of fractures rock 

(‘Strain hardening’ in Section 2.2.2.3) 

o Incorporation of the effects of the incidence angle into the numerical models 

o Modelling of the 3D site effects and the resulting polarisation of the site 

response 

 Once the models are calibrated or the reason for the model – field data mismatch is 

clearly identified and isolated, incorporation of the large-strain hysteretic behaviour 

into numerical models will allow for simulation of the effects of a local large-

magnitude earthquake on slope stability in the area. 
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