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PREFACE 

 

The work described in this thesis was undertaken from July 2013 to June 2018, in the 

School of Civil, Environmental, and Mining Engineering at the University of Adelaide. 

Throughout the thesis, all materials, techniques, concepts and conclusions attained from 

other external resources have been duly referenced and appropriately acknowledged in 

the text. 

Listed below are the sections of the thesis that designate the work, to the best of his 

knowledge and belief, the author claims originality. 

In Chapter 2: 

• Three historical seismic events, that have damaged the Old Exchange Building in 

Pirie St, Adelaide, South Australia which, are investigated for local site effects that 

contributed to considerable damage to the Britannia statue on top of the Old 

Exchange Building.  

• Synthetic ground motion time histories of three past seismic events (1897 

Beachport, 1902 Warooka and 1954 Adelaide) are generated and validated.  

• The significance of local site effects by an amplification factor of up to 3.4 that led 

to considerable damage to the Britannia statue at the Old Exchange Building in 

Pirie St, Adelaide, Australia is revealed.  

In Chapter 3: 

• Seismic site classification, which is the most widely accepted practical method in 

the design of seismic resistant infrastructure, for regolith sites by means of the 

horizontal to vertical spectral ratio (HVSR) technique for analysing ambient noise 

data is successfully applied.  
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• Seismic site classification of classes D to C (NEHRP classification system), classes 

D to B (Australian Standard classification system) or classes D/DE to C (regolith 

case classification system) for the city of Adelaide, South Australia are justified.   

In Chapter 4: 

• An application of array ambient seismic noise analysis by means of the spatial 

autocorrelation (SPAC) method with a slight modification to the adopted 

parameters is proposed to estimate bedrock depth at a regolith site which is 

underdeveloped and requires further attention.  

• Validation of the superiority of the SPAC method by comparing the bedrock depth 

predictions from the SPAC method with boreholes drilled in close proximity.  

In Chapter 5: 

• Investigation of the robustness of shear wave velocity profiles by means of array 

ambient noise analysis of the SPAC method for regolith sites. 

• New constraints by means of shear wave velocity for the study case site are 

established and validated. 

 

A list of publications that have been prepared as a result of this research is presented 

below. 

Refereed Conference Posters/Papers: 

Setiawan, B., Jaksa, M. B., Griffith, M., and Love, D. (2015). Application of the 

single microtremor method to the Adelaide’s regolith. AFAC 15 Conference, 1-3 

September 2015, Adelaide, South Australia, Poster paper. 

Setiawan, B., Jaksa, M. B., Griffith, M., and Love, D. (2015). HVSR recording 

duration for regolith sites: an experimental approach. Proceedings of the Tenth 

Pacific Conference on Earthquake Engineering, 6-8 November 2015, Sydney, 

Australia, Paper No. 171. (Included in Appendix A).  
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Refereed Journal Papers: 

Setiawan, B., Jaksa, M. B., Griffith, M. C., and Love, D. (2018). An 

investigation of local site effects in Adelaide-South Australia: learning from the 

past. Bollettino di Geofisica Teorica ed Applicata, 59(1): 27–46, DOI: 

10.4430/bgta0218. (Included in Appendix B). 

Setiawan, B., Jaksa, M. B., Griffith, M. C., and Love, D. (2018). Seismic site 

classification based on constrained modeling of measured HVSR curve in regolith 

sites. Soil Dynamics and Earthquake Engineering, 110: 244–261, DOI: 

10.1016/j.soildyn.2017.08.006. (Included in Appendix C). 

Setiawan, B., Jaksa, M. B., Griffith, M. C., and Love, D. (2018). Estimating 

bedrock depth in the case of regolith sites using ambient noise analysis. 

Engineering Geology, 243: 145 – 159, DOI: 10.1016/j.enggeo.2018.06.022. 

(Included in Appendix D). 

Setiawan, B., Jaksa, M. B., Griffith, M. C., and Love, D. (2018). Passive noise 

datasets at regolith sites. Data in Brief, 20:735 - 747, DOI: 

10.1016/j.dib.2018.08.055. 

Setiawan, B., Jaksa, M. B., Griffith, M. C., and Love, D. (2018). Estimating near 

surface shear wave velocity using the SPAC method at regolith sites. Soil Dynamics 

and Earthquake Engineering, Submitted for review on 12 June 2018. 

Reports: 

Setiawan, B., Jaksa, M. B., Griffith, M. C., and Love, D. (2016). Analysis of 

microtremor array measurement using the spatial autocorrelation (SPAC) method 

across the Adelaide City. Report No. 196, School of Civil, Environmental and 

Mining Engineering, the University of Adelaide. 
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ABSTRACT 

 

The historical seismic events have clearly indicated that site amplification has played a 

principal role in defining the damage to structures founded on the regolith in the city of 

Adelaide, South Australia. An amplification factor of up to 3.7 is suggested. Thus, a 

seismic site amplification study in Adelaide city is needed. The use of the ambient noise 

method for quantifying seismic site amplification of Adelaide’s regolith was selected 

because of its advantages (non-destructive and affordable). The application of ambient 

noise analysis for the study of site effects at regolith locations was carried out as it is 

underdeveloped and requires further attention. A case study is examined which explores 

Adelaide’s regolith and incorporates 10 in situ ambient noise measurements carried out 

across the city of Adelaide for seismically classifying the site, estimating bedrock depth 

and obtaining the shear wave velocity profile. 

Seismic site classification was investigated using the horizontal vertical spectral ratio 

(HVSR) technique. The results show that Adelaide’s regolith varies from classes D to C 

(NEHRP classification system), classes D to B (Australian Standard classification 

system) or classes D/DE to C (regolith case classification system) and are in a good 

agreement with several previous studies.  

The depth of bedrock is crucial in seismic hazard studies because the basin geometry has 

been shown to play an important role in the altering of seismic waves. Both the generic 

function (GF) of the classic HVSR method and the spatial autocorrelation (SPAC) 

technique were used to estimate the depth to bedrock. The bedrock depth predictions from 

the seismic methods were validated against boreholes drilled in close proximity to the 

measured sites. The comparison demonstrates that the SPAC method provides better 

estimates, especially to those obtained from another approach.  

In the general framework of seismic hazard analysis for quantifying site amplification, the 

knowledge of near surface shear wave velocity profile is crucial. New constraints by 

means of shear wave velocities for the study case site were developed and proposed. The 
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proposed shear wave velocity models were compared and validated against previous 

studies and forward modelling techniques. On the basis of these validation results, the 

applicability of the array SPAC method at regolith sites is justified. 
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Chapter One  

INTRODUCTION 

 

1.1  INTRODUCTION  

The increasing numbers of high rise buildings and specific installations that have been 

constructed recently in Adelaide require a heightened sensitivity towards the threat 

presented by earthquakes with their potential impact on human safety and infrastructure. 

Adelaide has the highest earthquake risk of any Australian capital city (AS 1170.4-2007). 

In the latter half of the 1900s, the city experienced more medium-sized earthquakes than 

any other city. This included the 1954 Adelaide earthquake, (McCue, 1990), which is the 

strongest and closest seismic event experienced in Adelaide in recorded history.  

The Adelaide region’s underlying upper mantle is being compressed at an estimated rate 

of 0.1 millimetres annually, which over time results in stress build-up in the rock. At a 

certain level of stress, rocks slip and cause earthquakes.  

Quantifying the seismic characteristics is key to assessing and mitigating the risk 

associated with earthquakes. This quantification involves two factors that control the 

impact of seismic events for any specific site: Seismic source and site effects. Quantifying 

the seismic source characteristics in low-to-moderate seismic regions such as Adelaide is 

very demanding due to an incomplete seismic catalogue and a paucity of historical strong 

seismic records (Love, 2013). Earthquakes cannot be predicted, but quantifying such 

events in the context of Adelaide’s regolith helps researchers and practitioners to predict 

the likelihood of earthquakes in the Adelaide region. Discussing the seismic source and 

the likelihood of seismicity in the Adelaide region is however beyond the scope of this 

study.  

The latter factor of site effects is the main focus of this study as, empirically, the damage 

caused by moderate to large earthquakes is significantly influenced by the relationship 
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between the seismic waves and the near surface geology setting. This is called the site 

effect.  

The site effect has, in many earthquake situations, played a principal role in defining the 

damage to structures. Good examples are Mexico (Booth et al., 1986) and Los Angeles 

(Somerville & Graves, 1996). In the Michoacan earthquake, the peak ground acceleration 

(PGA) of the incoming motions in the rock [generally less than 0.04g (gravity)] was 

amplified about five times (Finn & Wightman, 2003). The quake caused severe damage 

to structures founded on the 30 million-year-old lakebed deposits. In the 1989 Loma 

Prieta earthquake, major damage occurred at soft soil sites in the San Francisco–Oakland 

region. In this case, the spectral accelerations were amplified by two to four times over 

adjacent rock sites (Housner 1989 cited by Finn & Wightman 2003).  

The site amplification phenomenon also occurs in Adelaide. The earthquake ground 

acceleration recording in Adelaide’s regolith is very much stronger than that recorded on 

a rock just outside the city during the 1997 Burra earthquake (DMITRE Minerals, 2013). 

Site response analysis in the present study also found the amplification phenomenon in 

the Adelaide City (see Chapter 2).  

Generally, studies of the site effects are based on measurement of three aspects: (i) strong 

and weak earthquakes; (ii) the near-surface geological parameters, e.g. seismic 

wave/near-surface geophysical testing; and (iii) the seismic noise or ambient vibration. 

The first method is not feasible for a stable continental region (SCR) such as Australia. 

The second one, active seismic testing in boreholes, complemented by in situ and 

laboratory tests, provides a rich source of high quality subsurface data. However, this is 

not practical within densely populated urban environments because the cost of such 

testing is prohibitive. The present study employs the last method of measurement, as 

outlined in Chapters 3, 4 and 5. The selected method adopted in the present study, which 

involves ambient noise measurement (a passive method), offers several advantages, such 

as being non-destructive, low cost, and feasible for urban environments.  
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1.2  AIMS AND SCOPE OF STUDY  

This study focuses on the evaluation of seismic site amplification using ambient noise 

data analysis. It seeks to add to the body of knowledge associated with various impedance 

contrast sites. The technique developed in this study will enable researchers to estimate 

bedrock depth in regolith environment sites.  

The results of this study will provide a better understanding of the application of the 

ambient noise data analysis at regolith sites that are subjected to various (low-high) 

impedance contrasts for seismic site amplification assessment. The techniques for 

analysing ambient noise data have been successfully applied to the estimation of seismic 

site classes associated with seismic hazards, to quantify site effects. This has mainly been 

carried out in relatively homogenous, uniform and high impedance contrast sites. 

However, the application of the technique in complex subsurface regions for site seismic 

classification, with various impedance contrasts between the upper layer and bedrock 

(such as in regolith sites), is uncertain and requires attention.  

Knowledge of subsurface geometry, particularly the depth of bedrock, is crucial in 

seismic hazard studies because the basin geometry has been shown to play an important 

role in the altering of seismic waves. This study proposes an improved resolution of 

seismic site classification and seismic hazard parameters for Adelaide, South Australia, 

gained through subsurface shear wave velocity profiles.  

This new constraint is crucial for reliable site response analysis at the study site, which 

results in improved seismic resilience infrastructure and emergency action plans. 

The scope of this study involves: 

1. A huddle test of all the deployed equipment sets to investigate the repeatability of all 

the deployed seismometers, to examine the temporal variability at the study site and to 

justify the appropriate duration of site ambient noise measurement. The study recorded 

more than two days of continuous ambient noise. The results of this huddle test were 

presented at an international conference (see Appendix A).  

2. Site microtremor measurements across the Adelaide city. Ten locations were 

examined, 5 to the north and 5 to the south of the city. Array sets of equipment were 
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deployed at 4 sites (#01, #02, #04 and #05) to the north of Adelaide, and one site (#03) 

was measured using a single device. Similarly, to the south of the city, array sets of 

equipment were deployed at 4 sites (#06, #07, #09 and #10) and location #08 was 

measured using a single device. Detailed locations of the microtremor measurement 

sites are provided in Chapter 3. 

3. An investigation of seismic site amplification based on the historical seismic events at 

a particular location. This site was founded on a regolith. This investigation is to 

justify the existence of site effects at regolith sites that are subjected to various 

impedance contrasts between bedrock and overlying materials.  

4. Analysis of the recorded ambient noise for various purposes related to the seismic site 

amplification study. This included: enhancing single microtremor measurements for 

obtaining the shear wave velocity profile and site predominant frequency; proposing a 

simple method of ambient noise array analysis for estimating bedrock depth; and 

developing a new constraint for the subsurface dynamic parameters for seismic hazard 

studies. 

 

1.3  ORGANISATION OF THE THESIS  

This thesis adopts the format of a thesis by publication. As such, the thesis is, in the main, 

a compilation of 4 journal papers, as presented in Chapters 2 to 5. The general content of 

each chapter is outlined below. 

In Chapter 2, the justification of seismic site effects, i.e. site amplification for regolith 

sites is investigated. In this chapter, historical seismic events that damage a particular 

structure founded on a regolith are outlined. Synthetic time histories of such historical 

seismic events need to be generated and confirmed. The suitability of the generation of 

the time histories method using an instrumental seismometer network has yet to be 

established and representative 1D soil profiles need to be developed and validated. Site 

response analysis at the building site is carried out to obtain the seismic parameters at the 

investigated site. The results are compared with the historical intensity maps of the events 

which are assumed to be the actual spectral accelerations during the events. This paper 
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was submitted to the journal of Bollettino di Geofisica Teorica ed Applicata in June 2018 

and has been published (see Appendix B).  

Chapter 3 focuses on the application of the HVSR (horizontal to vertical spectral ratio) 

technique to regolith sites. First, seismic site classification is defined, which is the most 

widely accepted practical method in the design of seismic resistant infrastructure. The 

application of ambient noise data analysis using the HVSR technique for estimating 

seismic site classes associated with seismic hazards is then outlined. The results of a case 

study in the central business district of Adelaide, South Australia are examined using 10 

in situ ambient noise measurements carried out across the city. The results and 

comparisons with several previous studies are presented and discussed. This paper was 

submitted to the journal of Soil Dynamics and Earthquake Engineering in November 

2016 and was published in March 2018 (see Appendix C).  

Chapter 4 proposes the application of the ambient noise analyses for estimating the depth 

of bedrock at regolith sites. This bedrock depth, which represents the basin geometry, is 

crucial in seismic hazard studies because the basin geometry has been shown to play an 

important role in the altering of seismic waves. Analyses of ambient noise data are carried 

out using the generic function (GF) of the classical HVSR method and the spatial 

autocorrelation (SPAC) techniques. The chapter presents a comparison of the bedrock 

depth predictions. This paper was submitted to the journal of Engineering Geology in 

December 2016 and has been published (see Appendix D).  

Chapter 5 presents an investigation into the quantification of near surface shear wave 

velocity profiles. This is crucial for assessing site amplification in the general framework 

of seismic hazard analysis. The investigation uses an array ambient noise analysis in the 

form of the spatial autocorrelation (SPAC) method. This investigation explores the 

robustness of shear wave velocity profiles by means of array ambient noise analysis for 

regolith sites and proposes new constraints for shear wave velocities for the investigated 

sites. A rigorous validation of the proposed shear wave models is carried out using 

previous studies, geological data and forward modelling techniques. This paper was 

submitted to the journal of Soil Dynamics and Earthquake Engineering in June 2018 and 

is currently under review.  
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Finally, Chapter 6 concludes the thesis. The limitations of this study are presented, and 

future studies to enhance some findings of this study are proposed. 
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Chapter Two  

AN INVESTIGATION OF LOCAL SITE EFFECTS IN 

ADELAIDE-SOUTH AUSTRALIA: LEARNING FROM THE 

PAST 
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2.1  INTRODUCTION  

Of all Australia’s cities, Adelaide is most at risk of a severe earthquake (Standard 

Australia, 2007). In the last 150 years, the city has experienced more medium-sized 

earthquakes than any other Australian city. Three significant events include the 1897 

Beachport earthquake, the 1902 Warooka earthquake, and the 1954 Adelaide earthquake 

(the ‘three historical seismic events’), (McCue, 1990; Malpas, 1991; Dyster, 1996; Love, 

1996). These three historical seismic events caused damage to the Old Exchange Building 

at Pirie St, Adelaide, southern Australia (Figure 2.1). The damage was manifested in the 

Britannia statue located on the parapet of the building. The statue lost its arm during the 

1897 Beachport earthquake [Modified Mercalli Intensity (MMI) IV–V], and its helmeted 

head was bent over in the 1902 Warooka seismic event (MMI V–VI). Due to heavy 

damage, the statue was finally removed after the 1954 Adelaide earthquake (MMI VI-

VII) (Malpas, 1991; Dyster, 1996). Local site effects for the particular case of the Old 

Exchange Building have never been investigated.  

 

Figure 2.1. The Old Exchange Building with the Britannia Statue on parapet. 

This study investigates the local site effects with respect to the Old Exchange Building, 

which is situated on a regolith site. The investigation is based on past seismic events.  

Synthetic bedrock time histories of the three historic seismic events have been generated 

using EXSIM (Motazedian & Atkinson, 2005). The time histories are used in the 1D site 

response analyses to estimate the peak ground acceleration (PGA), and other seismic 

parameters (i.e. response spectral acceleration, velocity and displacement) at the Old 

Exchange Building site. The results are examined alongside the historical experiences and 
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the intensity maps associated with the seismic events that are assumed to be the actual 

spectral accelerations during these events. The MMIs of the 1897 Beachport, 1902 

Warooka, and 1954 Adelaide earthquakes were MMI of IV–V, V–VI, and VI-VII, 

respectively (Malpas, 1991; Dyster, 1996). The comparison reveals the significance of 

local site effects in the damage manifested in the building. The findings from this study 

may form a basis for further comprehensive and systematic analyses of site effects and 

seismic-related studies in Adelaide, southern Australia. 

2.2  THE CHARACTERISTICS OF THE PAST SEISMIC AND GEOLOGICAL 

SETTING OF THE INVESTIGATED SITE (THE OLD EXCHANGE 

BUILDING SITE) AND SURROUNDING AREAS  

As mentioned above, this study examines the impact of just three historical seismic 

events. These seismic events were estimated at 6.5, 6.0 and 5.3 on the Richter local 

magnitude scale (ML) for the 1897 Beachport, 1902 Warooka and 1954 Adelaide 

earthquakes, respectively (Everingham et al. 1982). Both the 1897 Beachport and 1902 

Warooka events caused extensive damage (MMI IX–VII) in the areas near the epicentre. 

These events were also felt at distances of hundreds of kilometres from the epicentres, 

including the city of Adelaide (Malpas, 1991). After about a half century, Kerr-Grant 

(1956) and McCue (1975) reported that Adelaide was shaken on March 1, 1954. This 

seismic event is the strongest earthquake in Adelaide’s recorded history. Due to this 

event, at least 30,000 insurance claims were made. Each of these three past seismic events 

testify to the need for estimating ground surface motion in the city, which includes site 

effects. The location of Adelaide, as well as the epicentres of the three major historical 

earthquakes (after Everingham et al., 1982), are shown in Figure 2.2. The Old Exchange 

Building is located in the middle of the central business district (CBD) of Adelaide, as 

shown in Figure 2.3. 

The major geological structures of the Adelaide city and its surrounding region are fault 

segments that develop in a NE to SW direction. Most of the faults can be characterised by 

lithological disposition. There were several past seismic events associated with these 

faults as documented and presented by Selby (1984). The most significant event was 

associated with intra-plate activity along the Burnside-Eden Fault zone. This occurred on 

March 1, 1954, and is known as the ‘Adelaide earthquake’. This seismic event was 

estimated at a magnitude of 5.3 (Selby, 1984; Love, 1996). Two main faults delimit the 
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city of Adelaide to the west (Para Fault) and east (Eden-Burnside Fault). Both the Para 

and Eden-Burnside Faults predominantly control the ground surface morphology of the 

city and its adjacent areas. 

 

Figure 2.2 Locations of the epicentres of the South Australian historical seismic events, 

including the three events that damaged the Old Exchange Building (after Malpas, 1991). 

Most of the upper ground layer of Adelaide is made up of fill material and other surficial 

covers. Below the top fill and surficial cover, the subsurface profile is composed of 

Holocene deposits of Callabonna Clay and the Pooraka Formation. Beneath these 

Holocene deposits is the Hindmarsh Clay. Sheard & Bowman (1987a; 1987b) separated 

Keswick Clay from the Hindmarsh Clay formation below the Holocene deposits. Below 

these Quaternary deposits there is an unconformity beneath which are the Burnham 
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Limestone and Hallett Cove Sandstone Formation. Below this lies another unconformity 

followed by the sand unit of the Port Willunga Formation and the Tandanya Sand 

Member of the Chinaman Gully Formation. These units were deposited between the 

Pleistocene and Eocene (Selby & Lindsay, 1982). They are followed by the 

Undifferentiated Basal Blanche Point Formation and Tortachilla Limestone, South Maslin 

Sand and Clinton Formation, prior to the Precambrian bedrock. The reduced level of the 

bedrock is believed to be approximately 88.5 m or less to the north of the city, and can be 

up to 94.3 m or more below ground to the south of the city (Selby & Lindsay, 1982). 

 

Figure 2.3 Morphology of the Adelaide city, with the location of                                                 

the Old Exchange Building site. 
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As shown in Figure 2.3, much of the commercial development of the Adelaide city is 

founded on two morphological plateaus; one to the north and the other to the south of the 

city. The remaining morphologies, i.e. the upper outwash plain, lower outwash plain, 

terrace and fault scarps, are associated with either parklands or residential developments. 

Selby & Lindsay (1982) suggested that faults predominantly control the morphology of 

the city in the present day. 

2.3  METHODOLOGY OF THIS STUDY  

In this study, as there were no actual ground motions recorded for the three major 

historical seismic events, synthetic seismic motions are considered to represent the 

ground motions of these earthquakes. The generation of the synthetic seismic motions, as 

well as other parameters and site response analysis adopted in this study, are described 

below. 

2.3.1 Generating input seismic motions 

Table 2.1 details the main data associated with the seismic events of the 1987 Beachport, 

1902 Warooka and 1954 Adelaide earthquakes that were used to generate the seismic 

motions. This study uses a stochastic finite-fault model, EXSIM (Motazedian & 

Atkinson, 2005), to simulate the time histories of the 1897 Beachport, 1902 Warooka, and 

1954 Adelaide earthquakes. There are some salient features of the adopted approach 

(EXSIM). Firstly, the model has been validated using a minimum of 300 strong motion 

stations at distances of 40 to 500 km (Motazedian & Atkinson, 2005; Atkinson & Macias, 

2009). For the case of the close distance seismic event (i.e. 1954 Adelaide earthquake), an 

analytical model proposed by Mavroeidis & Papageorgiou (2003) is included in EXSIM. 

Secondly, the model was based on FINSIM (Beresnez & Atkinson, 1998) with ground 

motions generated by ruptures along faults. Thirdly, this finite-source model is 

appropriate for large earthquakes at relatively close distances (Hartzell, 1978; Joyner & 

Boore, 1986). Santulin et al. (2012) employed EXSIM for generating two historical 

earthquakes (the 1936 Cansiglio and 1976 Friuli earthquakes) in Italy. In the present 

study, additional parameters are needed to produce the synthetic ground motions as 

shown in Table 2.2. Most of the input parameters are adopted from Allen (2012). 

Additional parameters for analytical modelling proposed by Mavroeidis & Papageorgiou 

(2003) were employed in the case of the close distance seismic event. These additional 
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parameters, shown in Table 2.2, have been validated by Motazedian & Moinfar (2006) 

against the 2003 Bam earthquake in SE Iran. 

Table 2.1 Three historical seismic events contributed to the damage of the Old Exchange 

Building. 

Event 
Magnitude 

(ML) 

Depth 

(km) 

Estimated 

distance (km) 

Intensity at the 

investigated site 

MMI Reference 

1897 Beachport 

earthquake 
6.5 14 260 IV–V 

McCue 

(1975) 

1902 Warooka 

earthquake 
6.0 4 60 

V 
McCue 

(1975) 

VI 
Malpas 

(1991) 

1954 Adelaide 

earthquake 
5.3 4 12 VI–VII 

After 

Malpas 

(1991) 

Four different input motions are considered. The first is a synthetic seismic motion 

generated for the 1897 Beachport event (earthquake of ML 6.5 at a distance, R, of 260 km 

from the city of Adelaide). The second is a synthetic seismic motion produced for the 

1902 Warooka event (earthquake of ML 6.0 at R = 60 km from Adelaide). The third is a 

synthetic seismic motion calculated for the 1954 Adelaide event, considered the worst 

near-field seismic scenario for the city (earthquake of ML 5.3 at R = 12 km from 

Adelaide). The fourth is a synthetic seismic motion calculated for the 1997 Burra event 

(earthquake of ML 5.1 at R = 130 km from Adelaide). The first three synthetic ground 

motion time histories are shown in Figure 2.4. These synthetic time histories are used for 

a site-specific ground response analysis of the site of interest, to estimate the PGA and 

validate site amplification during the 1897 Beachport, 1902 Warooka and 1954 Adelaide 

earthquakes. The fourth synthetic seismic motion for the 1997 Burra earthquake is 

generated to examine the suitability of the stochastic finite-fault model in this study. The 

application of this 1997 Burra synthetic seismic motion into the site response analysis of 

the investigated site is compared to the application of the actual recorded seismic motions 

at the Government House site (GHS) Adelaide, which is a similar model (Figure 2.5). The 

GHS is a soil site and is located approximately 0.5 km from the Old Exchange Building. 

A deconvolution of the generated time histories at bedrock level using EXSIM was 

carried out. This deconvolution of the time histories was compared to the actual time 

histories at the GHS site. 
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Table 2.2 Parameters for ground motion simulations using EXSIM (after Allen, 2012). 

Input Parameter Value Remarks 

Shear-wave velocity,  3,600 m/s (Wesson, 1988) Beta 

Density,  2,800 kg/m3 Rho 

Rupture propagation speed 0.8  Vrup 

Brune stress drop,  23 MPa Stress 

Pulsing percentage 25% Pulsing Percent 

Geometrical attenuation Rb, b  –1.33 (0–90 km) 

+0.32 (90–150 km) 

–1.66 (> 150 km) 

Gsprd 

κ0 0.006 s Kappa 

Distance-dependent duration 0.00 (0–10 km)  

+0.14 (10–70 km) 

–0.04 (70–160 km) 

+0.07 (> 160 km) 

Trilinier duration and 

properties 

Fault dip 35 Dip 

Earthquake magnitude (M) 6.5, 6.0 and 5.3 1898 Beachport, 1902 

Warooka & 1954 Adelaide 

earthquakes 

Earthquake distance 260 km, 60 km and  

12 km 

Distance from the epicentre of 

each earthquake to Adelaide 

CBD 

Prevailing frequency                

(fP = 1/TP) 

Log TP = -2.2+0.4M 

Parameters for the 1954 

Adelaide earthquake only. Phase angle 10 degrees 

Oscillatory character 1.5 
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Figure 2.4 Synthetic acceleration time histories of the three past earthquakes. 

 

 

Figure 2.5 Response spectral acceleration validation of the synthetic time histories 

generated using the 1997 Burra seismic event. 

2.3.2 Developing a one-dimensional (1D) profile 

Detailed knowledge of the subsurface characteristics of the investigated site contributed 

to generating a 1D profile for the investigated site. The subsurface lithology profiles of 

the investigated site are developed based on the work of Selby & Lindsay (1982). They 

examined an extensive amount of geotechnical borehole, groundwater and deep 

excavation data from which stratigraphic profiles and cross-sections of Adelaide were 
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developed. Two boreholes (BH 42 and BH 83) were drilled by Selby & Lindsay (1982) 

near to the Old Exchange Building site, and two sections (C-C and G-G) were developed 

by Selby & Lindsay (1982) from these boreholes. 

From these two sections, two subsurface models are established in this study. The first 

model is based mainly on Section C-C, hereafter referred to as Model A. The second is 

established primarily from Section G-G, hereafter referred to as Model B. The total depth 

of both Models A and B is up to the Pre-Cambrian bedrock. Both Models A and B share 

similar geological formations from the ground surface down to the Pre-Cambrian 

bedrock. Slight differences in the thicknesses of the formations are observed due to the 

modest lateral heterogeneity of the geological formations. 

In addition to the stratigraphic profile, in situ, ambient-noise single station and array 

measurements were conducted in order to quantify the shear wave velocity profiles in the 

Adelaide city (Setiawan et al., 2016). 

A shear wave velocity profile at a location of approximately 200 m from the investigated 

site was developed by the authors (Setiawan et al., 2016). This shear wave velocity 

profile is incorporated into the 1D profile for the site response analysis at the investigated 

site. To validate the appropriateness of the shear wave velocity model deduced by 

Setiawan et al. (2016), a forward-computation of the model proposed by Garcia-Jerez et 

al. (2016) is employed to obtain a spectral ratio between the horizontal and vertical 

components (HVSR). The computed HVSR for the inverted 1D soil profiles is compared 

with the observed HVSR of the measured microtremor. The comparison of the mean 

HVSR observed by McCue & Love (1997), the mean HVSR observed by Setiawan et al. 

(2016) and the computed HVSR of this study, is presented in Figure 2.6. Generally, the 

comparison between the observed and calculated HVSR curves show comparable results. 

Both the observed and calculated HVSRs suggest two-peak frequency characteristics at 

frequencies of about 0.8–0.9 and 4.0–5.0 Hz. The subsequent developed 1D profiles for 

the Old Exchange Building site are presented in Table 2.3. 
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Table 2.3 Developed 1D profiles for the investigated site. 

Formation Description 

Thickness or 

(Depth) Estimated 

mean shear 

wave (m/s) Model 

A 

Model 

B 

Quaternary alluvium, 

Pooraka Formation 

[HOLOCENE] 

Red brown silty CLAY (CH), grades 

downwards to SAND and GRAVEL (SP-

GP) 

2.4 2.3 
137 

Keswick CLAY 

[PLEISTOCENE] 

Grey-green CLAY (CH) with red and 

brown mottling, stiff to hard, fissured 
6.1 6.3 

159 

Hindmarsh CLAY 

[PLEISTOCENE] 

Grey-green CLAY (CH) with yellow and 

red mottling with overlying SAND (SC) 
6.1 6.3 

354 

Bunham Limestone and 

Hallet Cove Sandstone 

[PLEISTOCENE TO 

PLIOCENE] 

White clayey, sandy and rubbly 

LIMESTONE; Pale grey to yellow brown 

calcareous SANDSTONE with layers of 

sand (SP) 

7.9 9.1 
433 

Sand unit of Port Willunga 

Formation [EOCENE] 
Fine silty SAND (SM) 5.5 4.0 

330 

Tandanya Sand Member of 

Chinaman Gully Formation 

[EOCENE] 

Gravelly, clayey SAND (SC-GW) 9.7 12.6 
333 

Gull Rock Member of 

Blanche point Formation 

[EOCENE] 

Alternating bands of cherty siltstone and 

grey SILT (ML) 
21.8 22.9 

317 

Undifferentiated basal 

Blanche Point Formation 

and Tortachilla Limestone 

[EOCENE] 

Green to dark grey clayey SAND (SC) 

with LIMESTONE 
4.8 5.1 

283 

South Maslin Sand 

[EOCENE] 

Dark grey, brown at depth, but weathering 

to red brown or yellow, silty SAND (SM) 

with pyrite lumps 

10.3 11.4 
261 

Clinton Formation 

[EOCENE] 

Dark grey CLAY (CL) with LIGNITE; 

irregular clayey SAND zones (SC) 
13.9 14.3 

269 

Precambrian bedrock 

White, pink, brown, purple, blue-grey and 

greenish grey with thin sandy bands, 

decomposed quartzite or quarts veins, 

high plasticity SILT slightly sandy, very 

stiff to hard with a moisture content well 

below the plastic limit > 480 kPa 

(88.5) (94.3) 
926 
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Figure 2.6 Comparison between the mean of the observed and calculated HVSR curves from 

the best fit models. 

2.3.3 Modulus reduction and damping curves 

Ideally, for a site-specific ground response analysis, the modulus reduction and damping 

curves are developed in accordance with the samples obtained from the soil profile. 

However, as the default curves provided by SHAKE91 (Idriss & Sun, 1992) or EERA 

(Equivalent-linear Earthquake Response Analysis) (Bardet et al., 2000) have proven to 

work well in most applications for site response analysis (Sykora & Davis, 1993; 

Uthayakumar & Naesgaard, 2004), this study has also adopted these curves (Figure 2.7). 

Each curve represents a unique, typical material behaviour during strain. The shear 

modulus reduction and damping ratio curves (Figure 2.7a) were proposed by Seed & Sun 

(1989). The curves were developed from the upper bound shear modulus curve for clay 

(Seed & Sun, 1989). The shear modulus curve for sand (Figure 2.7a) was by Seed & 

Idriss (1970), which was developed from the upper bound shear modulus curve of sand. 

The damping curves for clay and sand were proposed by Idriss (1990) cited by Bardet et 

al., (2000) (Figure 2.7a), and for rocks by Schnabel et al. (1972) (Figure 2.7b). In the 

present site response analysis, these curves are accordingly assigned to each layer of the 

subsurface model. 
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(a) (b) 

Figure 2.7 Shear modulus, shear strain and damping ratios for: (a) clay (upper range) [Seed & Sun, 

1989], sand [Seed & Idriss, 1970] and clay & sand damping ratio [Idriss, 1990 cited by Bardet et al., 

2000]; (b) rock [Schnabel et al., 1972 cited by Bardet et al., 2000]. 

2.3.4 Conducting equivalent-linear site response analysis 

Standard practice for the dynamic analysis of soils in geotechnical earthquake 

engineering is the equivalent-linear site response analysis (Borja et al., 2000). This 

method assumes that soil stiffness and damping are consistent for a certain level of 

maximum shear-strain. It has been demonstrated that this analysis is reliably able to 

simulate soil behaviour due to dynamic loading (Priolo et al., 2008). This equivalent-

linear site response analysis has been implemented in the SHAKE (Schnabel et al., 1972) 

computer program, which has been one of the most widely used tools for site response 

analysis for decades. The advantages of SHAKE are that it is simple and compact. 

Another equivalent-linear site response analysis program, EERA, was developed by 

taking advantage of the most recent developments of FORTRAN 90 and the Windows 

operating system at the time. The EERA program was developed from the basic 

principles of SHAKE (Bardet et al., 2000). Unlike SHAKE, EERA is an add-on program 

embedded in Microsoft Excel. Good agreement is obtained between the results of 

SHAKE and those of EERA for use in site-specific ground response analysis, as 

demonstrated by Bardet et al. (2000). As a result, EERA has been adopted here.  

 

2.4  RESULTS AND DISCUSSIONS  

Several outputs of the site-response analysis at the Old Exchange Building site, using the 

synthetic ground motions, are presented in Figures 2.8 (a) to 2.9 (c), for Model A, and in 
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Figures 2.9 (d) to 2.10 (f), for Model B. The results are summarised in Tables 2.4 and 2.5 

for Models A and B, respectively. 

   

(a) (b) (c) 

 

   

(d) (e) (f) 

Figure 2.8 Model A input motion of 1897 Beachport earthquake: (a) response spectral 

acceleration, (b) velocity, and (c) displacement outputs; and Model A input motion of 1902 

Warooka earthquake: (d) response spectral acceleration, (e) velocity, and (f) displacement 

outputs. 

 

Table 2.4 Results of site-specific ground response analysis using EERA for Model A. 

Parameters 
1897 

Beachport 
1902 Warooka 

1954 

Adelaide 

PGA (g) 0.014 0.049 0.321 

Fundamental frequency (Hz) 0.8 0.8 0.8 

Max spectral relative acceleration (g) 0.06 0.18 0.92 

Max spectral relative velocity (cm/s) 3.08 6.43 36.80 

Max spectral relative displacement (cm) 0.55 1.17 2.68 
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(a) (b) (c) 

 

  
 

(d) (e) (f) 

Figure 2.9 Model A input motion of 1954 Adelaide earthquake: (a) response spectral 

acceleration, (b) velocity, and (c) displacement outputs; and Model B input motion of 1897 

Beachport earthquake: (d) response spectral acceleration, (e) velocity, and (f) displacement 

outputs. 

 

Table 2.5 Results of site-specific ground response analysis using EERA for Model B. 

Parameters 
1897 

Beachport 
1902 Warooka 

1954 

Adelaide 

PGA (g) 0.016 0.056 0.322 

Fundamental frequency (Hz) 0.8 0.8 0.8 

Max spectral relative acceleration (g) 0.05 0.18 0.96 

Max spectral relative velocity (cm/s) 2.66 6.10 37.36 

Max spectral relative displacement (cm) 0.58 1.21 2.56 
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(a) (b) (c) 

 

   

(d) (e) (f) 

Figure 2.10 Model B input motion of 1902 Warooka earthquake: (a) response spectral 

acceleration, (b) velocity, and (c) displacement outputs; and Model B input motion of 1954 

Adelaide earthquake: (d) response spectral acceleration, (e) velocity, and (f) displacement 

outputs. 

For Model A, the PGA results are 0.01g, 0.06g and 0.3g for the 1897 Beachport, 1902 

Warooka and 1954 Adelaide seismic events, respectively. The estimated fundamental 

frequency of the site is estimated about 0.8 Hz. The response spectrum analysis, with a 

critical damping ratio of 5%, shows maximum spectral accelerations (SAs) for these 

events to be 0.06g, 0.18g and 0.92g for the 1987 Beachport, 1902 Warooka and 1954 

Adelaide earthquakes, respectively. The maximum spectral relative velocities (SVs) are 

estimated to equal 3.1 cm/s for the 1897 Beachport event, 6.4 cm/s for 1902 Warooka 

event, and 36.8 cm/s for the 1954 Adelaide event. By considering the PGA, SA, and SV, 

the analysis here determines that the 1954 Adelaide earthquake presented the highest 

threat of all three to damage the Old Exchange Building. As expected, in terms of spectral 

displacement (SD), the highest displacement of the Old Exchange Building appears to 

have also resulted from the 1954 Adelaide earthquake. That earthquake generated a 
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displacement of approximately 2.7 cm. The 1897 Beachport earthquake caused a 

displacement of 0.55 cm, and the 1902 Warooka earthquake was estimated to cause a 

displacement of about 1.2 cm. 

For Model B, the PGA results are 0.02g, 0.06g and 0.32g for the 1897 Beachport, 1902 

Warooka and 1954 Adelaide seismic events, respectively. Model B results in an estimated 

fundamental frequency at the Old Exchange Building site of 0.8 Hz. The maximum 

amplification amplitude for this model occurs at a frequency of 2.4 or 4.0 Hz. The 

response spectrum analysis, using a critical damping ratio of 5%, produces a maximum 

SA of 0.05g, 0.18g and 0.96g for the 1987 Beachport, 1902 Warooka and 1954 Adelaide 

earthquakes, respectively. The maximum SV is 2.66 cm/s for the 1897 Beachport event, 

6.1 cm/s for the 1902 Warooka event and 37.4 cm/s for the 1954 Adelaide event. Among 

these three historical seismic events, Model B, again by considering the PGA, SA and 

SV, indicates that the 1954 Adelaide earthquake presented the highest threat of the three 

events. As with Model A, in terms of SD of the Old Exchange Building, the most critical 

value resulted from the 1954 Adelaide earthquake. This event again produced a 

displacement approximately 2.6 cm. The 1897 Beachport and 1902 Warooka earthquakes 

are estimated to cause displacements of approximately 0.58 and 1.2 cm, respectively. 

The use of the analytical approach by Mavroeidis & Papageorgiou (2003) in the 

generation of the near source seismic event (i.e. Adelaide earthquake) in this study has 

several consequences on the results of the site response analysis. It estimates the PGA of 

up to 0.3g, which generally provides better estimation than without using the Mavroeidis 

& Papageorgiou (2003) analytical approach. This 0.3g PGA for the 1954 Adelaide 

seismic event slightly overestimates the actual damage for this MMI of VI-VII event (see 

the later discussion). Furthermore, the analytical approach by Mavroeidis & Papageorgiou 

(2003) in the Adelaide earthquake case allows EXSIM to generate the long-period 

velocity pulses (Motazedian & Atkinson, 2005). This extension will simulate low 

frequency or long period ground motion components. An amplification of the long period 

of the ground motion coherent components (i.e. velocity and displacement) is 

unavoidable in such near-source seismic events (Mimoglou et al., 2017). The application 

of the analytical approach by Mavroeidis & Papageorgiou (2003) has increased the 

maximum SV up to 36.8 cm/s in Model A and up to 37.4 cm/s in Model B. The 

maximum spectral displacement of the Adelaide earthquake has also increased up to 2.7 
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cm in Model A and up to 2.6 cm in Model B. In contrast, the site response analyses 

without the application of the Mavroeidis & Papageorgiou (2003) analytical approach 

suggest the maximum spectral velocity of 20.9 cm/s for Model A, 23.4 cm/s for Model B 

and the maximum SD of 0.9 cm for both Models A and B (not shown in this paper). The 

effect of the seismic duration on the velocity component of ground motion was also 

suggested by Hamedi & Tehranizadeh (2000). The SV and displacement amplification on 

the inelastic response of structures due to near seismic sources is also reported by 

Panagiotou (2008), Iervolino and Cornell (2008), and Taflampas & Psycharis (2008). 

Therefore, the site response analysis results of the spectral relative velocity and 

displacement of the Adelaide earthquake must be carefully examined. 

The PGA outputs from our study are compared with the empirical attenuation function by 

Wald et al. (1999) and Linkimer (2008), as shown in Table 6. The PGA calculations, 

using the empirical attenuation functions, are based on the seismic MMIs of IV–V, V–VI, 

and VI-VII for the 1897 Beachport, 1902 Warooka, and 1954 Adelaide earthquakes, 

respectively. The comparison suggests good agreement with the results of both the 1897 

Beachport and 1902 Warooka earthquakes. However, this study suggests a slightly higher 

seismic intensity resulting from the 1954 Adelaide earthquake. 

Table 2.6 Comparison PGA estimation at the Old Exchange Building site. 

Seismic 

event 

Estimated MMI at Old 

Exchange Building site 

Estimated PGA (g) 

Wald et al.  

(1999) 
Linkimer (2008) Present study 

1897 

Beachport 

IV-V 

(see: McCue, 1975) 
0.02 to 0.07 0.02 to 0.06 0.014 to 0.016 

1902 

Warooka 

V-VI 

(see: McCue, 1975 & 

Malpas, 1991) 

0.07 to 0.13 0.06 to 0.11 0.049 to 0.056 

1954 

Adelaide 

VI - VII 

(see: Malpas, 1991) 
0.13 to 0.24 0.11 to 0.20 0.32 

     

2.4.1 Hazard spectra 

Log-log plots of the spectral accelerations for both Models A and B for the three 

historical seismic events are shown in Figure 2.11. As mentioned above, the 1954 

Adelaide earthquake is estimated to result in higher spectral accelerations than others, 

particularly below a period of 0.4 s. 
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The spectral acceleration outputs are compared with the results of Love (1996) and 

Leonard et al. (2013). The maximum SA obtained is 0.92g, which is associated with the 

1954 Adelaide earthquake. Love (1996) suggested a maximum SA of 0.76g and Leonard 

et al. (2013) estimated a value of approximately 0.3g for a 2,500-year return period. 

Hence, our study has obtained slightly larger estimated SAs than those proposed by Love 

(1993). Furthermore, this work suggests a maximum SA three times larger than that 

suggested by Leonard et al. (2013). This large discrepancy is likely to be caused by the 

adopted shear wave velocity profile, modulus reduction and damping curves, and input 

ground motion. Our study adopts shear wave velocity profiles based on forward 

modelling of the measured HVSR curves with an average of the top 30 m shear wave 

velocity (Vs30) between 315 and 320 m/s, whereas Leonard et al. (2013) most likely 

employed an empirical shear wave profile with Vs30 between 315 and 460 m/s. The study 

here employs the generic modulus reduction and damping curves, whereas Leonard et al. 

(2013) likely used different modulus reduction and damping curves. In terms of input 

ground motions, we selected the ground motions based on past seismic events (i.e. 1897 

Beachport, 1902 Warooka, and 1954 Adelaide earthquakes), whereas the seismic event 

adopted by Leonard et al. (2013) is based on a probabilistic analysis. The paucity of 

strong motion events in the low-moderate seismic region of southern Australia, influences 

the results of such probabilistic analysis, as the seismic source zone is difficult to define. 

  

(a) (b) 

Figure 2.11 Response spectral accelerations of site response analysis for (a) Model A and 

(b) Model B. 
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2.4.2 Site amplification 

Site amplification can be estimated using a comparison between the maximum 

acceleration of the ground surface layer and the maximum acceleration at bedrock level. 

Site response analysis results of the maximum acceleration profile at the Old Exchange 

Building site for Models A and B are shown in Figures 2.12 (a) and (b). These maximum 

acceleration profiles are used to deduce the amplification factor at the investigated site. 

The results are shown in Figures 2.12 (c) and (d), which indicate an amplification factor 

at the ground surface level for Model A of between 1.5 to 2.5 and Model B of 1.5 to 2.6. 

 

 
(a) (b) 

  

(c) (d) 

Figure 2.12 Site response analysis results: Maximum acceleration profiles for: (a) Model A, 

and (b) Model B; and Amplification profiles for: (c) Model A and (d) Model B. 
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Site amplification factors are used to understand the seismic motion behavior in the study 

area by means of the method proposed by Herak (2008), which has been has been shown 

to yield reliable results (Herak et al., 2010; Lunedei & Albarello, 2015). The mean 

compression wave, shear wave and density models obtained here are used to quantify the 

amplification factors. The quality factors of Qp and Qs, for the compression and shear 

waves, respectively, are estimated using the approaches suggested by Olsen et al. (2003) 

and Zhang & Stewart (2007), respectively, which represent a linear estimate of 

amplification. 

The results of the site amplification factors (Amp-HVSR) are presented in Figure 2.13. 

Generally, a site amplification of up to 3.4 is suggested. Averaging the amplification from 

0.4 to 10 Hz at each site suggests that the amplification factor is only 1.2. By using 

identical subsurface models, a dynamic amplification factor (DAF) for the investigated 

site is also calculated. The method proposed by Herak (2008) is employed to calculate 

DAF. Unlike the Amp-HVSR, the DAF uses the most likely seismic event in the 

calculation. Generally, the result of this study shows that the estimated DAF slightly 

overestimates the amplification analysis using the Amp-HVSR method. As shown in 

Figure 2.14, the obtained value of DAF is 1.9. 

  (a) (b) 

Figure 2.13 Amplification factor plotted against: (a) periods and (b) frequency at                           

the Old Exchange Building site. 

As stated by Herak (2008), the amplification factors of both Amp-HVSR and DAF do not 

consider the non-linear behavior of the subsurface material. Therefore, these estimates 
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need to be judiciously applied in practice. Whilst a non-linear site response analysis could 

potentially yield more reliable estimates, this is beyond the scope of the work here. 

Additional evidence of site amplification in Adelaide is obtained from the recorded 

ground motions that occurred during the 1997 Burra earthquake. The recorded earthquake 

ground accelerations in Adelaide’s regolith have been shown to be very much stronger 

than those recorded on bedrock just outside the city during this seismic event (DMITRE 

Minerals, 2013). Ground response analyses using historical ground motions also confirms 

site amplification. Thus, site amplification contributed to the damage experienced by the 

Old Exchange Building, as has been demonstrated to occur to similar buildings, such as in 

Mexico (Booth et al., 1986; Finn & Wightman, 2003), Kobe (Brebbia, 1996), and 

Umbria-Marche-Italy (Bindi et al., 2004; Castro et al., 2004; Luzi et al., 2005). 

  (a) (b) 

Figure 2.14 DAFs plotted against: (a) periods and (b) frequency at                                                      

the Old Exchange Building site. 

2.4.3 Site fundamental frequency 

For the Old Exchange Building site, observed HVSR curves by McCue & Love (1997) 

and Setiawan et al. (2016), have indicated a site fundamental frequency of 0.7–0.8 Hz (as 

shown in Figure 6) and first mode frequency of 4.0–4.5 Hz. Good agreement between 

both the observed HVSR curves of McCue & Love (1997) and Setiawan et al. (2016) 

highlight the consistency of the HVSR method with respect to time, as the measurement 

of the first reference was carried out in 1997, whereas the HVSR data of the later 

reference were obtained in 2015. This temporal stability of the HVSR analysis was also 
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suggested by Okada (2003). The obtained site frequencies are also correlated to the Old 

Exchange Building frequency to analyze the possibility of resonance effects which will 

occur when the ground frequency is equal or close to the natural frequency of the 

building. In terms of the number of stories (N), the Old Exchange Building was a low-rise 

(3 story) building. By adopting the building fundamental frequency approximation of 

Kramer (1996), which is approximated by 10/N (Hz), the Old Exchange Building 

frequency is estimated to be between 3.0 and 3.5 Hz. As mentioned above, the observed 

site fundamental frequency at the Old Exchange Building site is 0.8-0.9 Hz, which is 

three times lower than the Old Exchange Building’s natural frequency. However, the first 

mode site frequency (4.0–4.5 Hz) is relatively close to the Old Exchange Building’s 

natural frequency. This implies that the first mode of site frequency is likely to have 

increased the Old Exchange Building’s vibration and enhanced the prospect of structural 

collapse. 

2.4.4 Study limitations and future work 

While this study has provided useful information relating to site effects, the analysis is 

limited. Firstly, the study is confined to a specific case at a single site (i.e. the Old 

Exchange Building case). Clearly, extending the study to incorporate several sites across 

the city of Adelaide is desirable to obtain a more reliable predictions of the dynamic 

characteristics of Adelaide’s sub-surface. However, given the limited data currently 

available, such additional analyses are not possible at this time. Secondly, the sub-surface 

shear wave velocity models were developed from forward modelling of a measurement 

obtained at a distance of approximately 200 m from the site. Again, it is preferable the 

direct shear wave velocity measurement to be obtained at the site of interest. However, 

this was not possible due to access constraints. Finally, soil-structure interaction effects 

were not considered here and are beyond the scope of this study. Future improvements 

include extending the use of ambient vibration measurements for site characterisation in 

regolith environments and enhancing geophysical methods to investigate the basin 

structure of the investigated site. 

2.5  CONCLUSION  

Three historical seismic events, the 1897 Beachport (MMI IV–V), 1902 Warooka (MMI 

V–VI), 1954 Adelaide (MMI VI–VII) earthquakes, caused damage to the Old Exchange 

Building located in Pirie St, Adelaide. As there were no recorded time histories of the 
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three events, generated time histories are required. Time histories of the three events have 

been generated using a method that was validated using recorded ground motions of the 

1997 Burra earthquake. Two representative models for the Old Exchange Building site 

were developed and validated using a single microtremor measurement at the nearby site.  

The results of both the synthetic time histories of historical seismic events and the 

development of 1D profiles of the Old Exchange Building site, were used for 

investigating site effects. Analytical models used in this study for a site-specific ground 

response analysis proved to simulate the ground behaviour reasonably well. The results of 

the ground response analyses clearly indicate that, for the case of Old Exchange Building 

site, the input parameters are influenced by local site effects by an amplification factor of 

up to 3.4.  
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3.1  INTRODUCTION  

Seismic site classification is widely accepted in the design of seismic resistant 

infrastructure. Currently, the majority of seismic site classifications are carried out based 

on recommendations provided by the National Earthquake Hazards Reduction Program 

[NEHRP] (BSSC, 2001). However, the application of the NEHRP classification system in 

regolith sites is the subject significant research effort (e.g. McPherson & Hall, 2007 and 

Anbazhagan et al., 2013), including in Adelaide, South Australia. The National 

Committee on Soil and Terrain [NCST] (2009) characterized regolith as unique 

geological materials which generally have low impedance contrast comparable to that of 

bedrock. Regoliths are formed or altered by land surface processes, whereas bedrock is 

formed or altered by deep-seated crustal processes. The characterization of regoliths and 

bedrock is by their formation processes, rather than by their material type (Wilford & 

Thomas, 2013). These different formation processes result in distinctive characteristics of 

regolith masses when compared to bedrock. Generally, the density, strength, and cohesion 

of regolith masses are lower than bedrock masses (NCST, 2009). Anbazhagan et al. 

(2013) addressed the difficulties in the application of NEHRP seismic site classification 

in such sites, including ones in Australia. McPherson & Hall (2007) suggested a 

modification to the NEHRP seismic classification system for the application to regolith 

sites.  

The horizontal vertical spectral ratio (HVSR) technique (Nakamura, 1989) has been 

widely used in seismic hazard assessment since it is relatively straightforward, convenient 

and reliable in urban areas. Separate studies by Picozzi et al. (2009) and Mokhberi et al. 

(2010) successfully implemented the HVSR technique in Turkey and Iran, respectively, 

to calculate the site predominant frequency and Fah et al. (2003), Harutoonian et al. 

(2003) and Di Stefano et al. (2014) enhanced the HVSR technique to infer the subsurface 

shear wave profile. To date, the application of the HVSR technique in regolith regions for 

site seismic classification is still under development (McPherson & Hall, 2007). 

Regardless of some limitations of this method, Di Stefano et al. (2014) and Wotherspoon 

et al. (2015) observed that the HVSR method is reasonably robust in seismic hazard 

assessment, provided the geological setting at the target location is well defined.  

The present study aims to investigate the HVSR method for seismic site classification at 

regolith and Adelaide, the capital and largest city in South Australia, which is founded on 
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a regolith, is selected as a case study in the present work. Previous investigations (cf 

Collins et al., 2006 and Leonard, 2015) suggested low impedance contrast of the regolith 

of Adelaide (assuming that large impedance contrast is > 4–5 as suggested by SESAME 

(2004). Shear wave velocity measurement at the Government House Site (GHS), using 

the spectral analysis of surface waves (SASW) method Collins et al. (2006), suggested an 

average of about 420 m/s and 810 m/s for Adelaide’s overlying layer and bedrock shear 

wave velocities, respectively. By assuming densities of 1,900 kg/m3 and 2,100 kg/m3 for 

the top layer and the bedrock, respectively, measurements by Collins et al. (2006) 

suggested an impedance contrast of only 2.1 (i.e. a low impedance contrast). Preliminary 

results from a site investigation by Leonard (2015) suggested a shear wave velocity of at 

least 315 m/s for the upper 30 m for most of the Adelaide city. Only the areas along the 

River Torrens were expected to have a shear wave velocity of at least 225 m/s. Thus, a 

raw estimation of the impedance contrast of most of the Adelaide city sites, based on the 

recommendations of Leonard (2015), will be approximately 3.5 by assuming the shear 

wave velocity of the top layer and bedrock are 315 m/s and 1,000 m/s, respectively. 

Densities of 1,900 kg/m3 and 2,100 kg/m3 for the top layer and the bedrock, respectively, 

are used for this raw impedance contrast calculation. This impedance contrast of 3.5 is 

also below that suggested by SESAME (2004), where values > 4–5 are considered as 

large impedance contrast.  

Adelaide is within the most seismically active region on the Australian continent 

(Sandiford, 2003; Quigley et al., 2006; and Quigley et al., 2007). Although this continent 

is classified as a stable continent region [SCR] (Johnston, 1996a; Celerier, et al., 2005; 

and Hillis et al., 2008) with low to moderate (Veevers, 1984) seismic activity, the 

Australian continent deformation rate is higher than other stable intraplate regions (Hillis 

et al., 2008). The continent experiences a magnitude ≥ 6.0 earthquake approximately 

every 5 years (McCue, 1990) and historically, the continent has experienced some major 

devastating earthquakes, such as those that occurred at Meeberrie (1941; ML 6.8), 

Meckering (1986; MS 6.8), Cadoux (1979; MS 6.4) and Tennant Creek (1988; MS 6.3) 

[Johnston, 1996b; Crone, et al., 1997; Sandiford et al., 2004]. The seismic activity of the 

Adelaide region was also investigated by Greenhalgh & Parham (1986) and Greenhalgh 

et al. (1986). Greenhalgh et al. (1986) found at least 300 earthquakes are recorded by 

instruments each year in South Australia and in the last 150 years, 15 events were of 

magnitude 5 or greater. McCue (1990) found that the Adelaide city experienced more 
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medium-sized earthquakes than any other capital city in Australia in the past half of the 

last century. Furthermore, the site amplification phenomenon also occurs in Adelaide, 

which is observed by comparing the ground motion recording on Adelaide’s regolith to 

that on a rock site just outside the city during the 1997 Burra earthquake. The recorded 

motions on the regolith are very much stronger than those recorded on rock (DMITRE 

Minerals, 2013). Thus, an in-depth seismic hazard study of the Adelaide region is highly 

desirable.  

A group of seismometer sets has been deployed across the Adelaide city to measure the 

ambient noise at a range of regolith sites. The data are used to obtain the seismic hazard 

parameters, such as site periods and shear wave profiles, from which the seismic site 

classification of Adelaide is quantified. The results of the present study are valuable, not 

only to the seismic site classification of Adelaide, but also to the seismic assessment of 

regolith sites with a similar geological context.  

2.2  SEISMIC SITE CLASSIFICATION IN AUSTRALIA  

The most widely used seismic site classification system is based on the mean shear wave 

velocity of the uppermost 30 m of the subsurface layers, Vs,30, which was proposed by the 

National Earthquake Hazards Reduction Program [NEHRP] (Collins et al., 2006; and 

Anbazhagan et al., 2010; and Anbazhagan et al., 2013) and can be calculated by: 
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where, Z is thickness (in meters), Vsi is shear wave velocity of ith layer, and n is a total 

number of layers in the top 30 m. 

This classification system categorizes the subsoil into 5 subsoil classes from hard rock 

(subsoil class A) to thick medium-soft soils (subsoil class E). Standards Australia 

(Standards Australia, 2007) (AS 1170.4–2007) modified the NEHRP seismic 

classification system in the following manner: (1) rock (subsoil class B) applies to Vs,30 

above 360 m/s instead of 760 m/s in the NEHRP system; (2) a site fundamental period is 

introduced to separate subsoil Class D from Class C; and (3) subsoil Class E applies to 
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sites with greater than 10 m thickness of soil with a shear wave velocity less than 150 

m/s. The amendment to AS 1170.4 Standards Australia followed Standards New Zealand 

(Standards New Zealand, 2004) at a stage when the two countries were attempting to 

produce a unified earthquake code. The work, principally performed by McVerry et al. 

(2000) and McVerry et al. (2006), showed that deep stiff soils produced amplification 

similar to soft shallow soils, thus producing a departure from the standard NEHRP 

method. An alternative and applicable classification system was suggested by McPherson 

& Hall (2007), which clusters the system into 7 classes and includes a physical 

description and age associated with each. Details of the seismic site classification in 

accordance with NEHRP, AS 1170.4 and McPherson & Hall (2007) are summarized in 

Table 3.1. 

Table 3.1 Seismic site classification in Australia.  

Site 

class 

Generalized 

soil description 

NEHRP 
(BSSC, 2001) 

AS 1170.4 
(Standards 

Australia, 2007) 

Australian National Regolith Site 

Classification Map 

(McPherson & Hall, 2007) 

Vs,30 (m/s) Description 

A Hard rock > 1500 > 1500 – – 

B Rock 760 – 1500 > 360 > 760 

Fresh to moderately weathered 

hard rock units (plutonic & 

metamorphic rocks, most 

volcanic rocks, coarse-grained 

sedimentary rocks, Cretaceous & 

older) 

BC  – – 555 – 1000 
Highly weathered hard rock; 

some Tertiary volcanics 

C 
Very dense soil 

& soft rock 
360 – 760 

≤ 0.6 s 

(surface to rock) 
360 – 760 

Sedimentary rocks of Oligocene 

age; coarse-grained sedimentary 

rocks of younger age; extremely 

weathered hard rock units 

CD – – – 270 – 555 

Sedimentary rocks of Miocene 

and younger age, unless 

formation is notably coarse-

grained; Plio-Pleistocene alluvial 

units; older (Pleistocene) 

alluvium; some areas of coarse 

younger alluvium 

D 
Dense to 

medium soils 
180 – 360 

> 0.6 s 

(surface to rock) 
180 – 360 

Young (Holocene to Late 

Pleistocene) alluvium 

DE – – – 90 – 270 
Fine-grained alluvial, deltaic, 

lacustrine and estuarine deposits 

E 
Medium to soft 

soils 
< 180 

Greater than 

10 m soil depth 

with Vs ≤ 150 

< 180 
Intertidal and back-barrier 

swamp deposits 
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2.3 GEOLOGICAL SETTING OF ADELAIDE  

The structural geology of the Adelaide city is characterized by faults oriented in the 

north-east to south-west directions. Earthquakes related to the faults in Adelaide were 

documented and presented by Selby, (1984). The most significant seismic event in 

Adelaide was the 1954 Adelaide Earthquake which was associated with intra-plate 

activity along the Burnside-Eden Fault to the east of the city (Selby, 1984 and Love, 

1996).  

Adelaide is situated in the eastern part of the St. Vincent Basin and the morphology of the 

city is predominantly controlled by the bounding faults to the west (Para Fault) and east 

(Eden-Burnside Fault) of the city (Selby & Lindsay, 1982). Below the fill and surficial 

layer, most of the natural immediate surface consists of Holocene stratigraphic units of 

either red brown clay (Callabonna Clay) or light brown silty clay with calcareous with 

layers of calcrete gravel (Pooraka Formation). In addition, a relatively narrow channel 

along the River Torrens, crossing from east to west within the Adelaide city, has eroded 

these layers and deposited alluvium. The combined thickness of these Holocene units 

may up to 21 m thick (Selby & Lindsay, 1982 and Sheard & Bowman, 1996). Below the 

Holocene units is a layer of Keswick Clay, Hindmarsh Clay, or a combination of both, for 

the majority of the southern part of the city (Jaksa, 1995). These layers are highly plastic, 

over-consolidated clays which exhibit properties remarkably similar to those of the 

London Clay (Cox, 1970). These layers are underlain by either the Carisbrooke Sand, 

Burnham Limestone and Hallett Cove Sandstone or the Gull Rock member of the 

Blanche Point Formation. In some areas these are underlain by a sand unit of the Port 

Willunga Formation or the Tandanya Sand Member of the Chinaman Gully Formation. 

The age of these stratigraphic units varies from Pleistocene to Eocene (Selby & Lindsay, 

1982). Most areas in the city of Adelaide are further underlain by the South Maslin Sand 

and Clinton Formation, before Precambrian bedrock is encountered at about 64 m or less 

to the north of the city and up to 118 m or more to the south (Selby & Lindsay, 1982). 

Moreover, Selby & Lindsay (1982) suggested a higher stratigraphic variability to the 

south of the city than to the north. A detailed summary of the geological units in the 

Adelaide City is given in Table 3.2. 
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Table 3.2 Summary of the formations included in the constrained model (after Selby & 

Lindsay, 1982). 

Formation Description 
Formation 

Code 

Quaternary alluvium, Pooraka 

Formation [HOLOCENE] 

Red brown silty CLAY (CH), grades downwards to 

SAND and GRAVEL (SP-GP) 
A 

Keswick CLAY 

[PLEISTOCENE] 

Grey-green CLAY (CH) with red and brown mottling, 

stiff to hard, fissured 
A1 

Hindmarsh CLAY 

[PLEISTOCENE] 

Grey-green CLAY (CH) with yellow and red mottling 

with overlying SAND (SC) 
A2 

Carisbrooke Sand 

[PLEISTOCENE] 

Yellow, orange brown and grey, fine to medium 

clayey and silty SAND (SC-SM) 
B 

Bunham Limestone and Hallett 

Cove Sandstone [PLEISTOCENE 

TO PLIOCENE] 

White clayey, sandy and rubbly LIMESTONE; Pale 

grey to yellow brown calcareous SANDSTONE with 

layers of sand (SP) 

C 

Sand unit of Port Willunga 

Formation [EOCENE] 
Fine silty SAND (SM) D 

Tandanya Sand Member of 

Chinaman Gully Formation 

[EOCENE] 

Gravelly, clayey SAND (SC-GW) E 

Gull Rock Member of Blanche 

point Formation [EOCENE] 

Alternating bands of cherty siltstone and grey SILT 

(ML) 
F 

Undifferentiated basal Blanche 

Point Formation and Tortachilla 

Limestone [EOCENE] 

Green to dark grey clayey SAND (SC) with 

LIMESTONE 
G 

South Maslin Sand [EOCENE] 
Dark grey, brown at depth, but weathering to red 

brown or yellow, silty SAND (SM) with pyrite lumps 
H 

Clinton Formation [EOCENE] 
Dark grey CLAY (CL) with LIGNITE; irregular 

clayey SAND zones (SC) 
J 

Precambrian bedrock 

White, pink, brown, purple, blue-grey and greenish 

grey with thin sandy bands, decomposed quartzite or 

quarts veins, high plasticity SILT slightly sandy, very 

stiff to hard with a moisture content well below the 

plastic limit > 480 kPa 

K 

 

2.4  ADELAIDE SEISMIC HAZARD STUDY  

Adelaide, with a population in excess of 1.3 million people, is the only capital city in 

Australia that has recorded a medium or higher seismic event with an epicenter in very 

close proximity to the city, with an earthquake of a magnitude of 5.4 ML which struck the 

city on 1 March 1954. This has been responsible for the city being assigned the highest 

seismic exposure of all capital cities in Australia. Despite several changes in seismic 

hazard exposure among Australian capital cities in 2012, the seismic hazard for Adelaide 

remains under development. To date, several studies examining local site effects related 
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to Adelaide have been undertaken (McPherson & Hall, 2007; Collins et al., 2006; 

Leonard, 2015 and McCue & Love, 1997). McPherson & Hall (2007) undertook a further 

seismic assessment which resulted in a general seismic site classification for South 

Australia at low resolution. McCue & Love (1997) identified a fundamental site 

frequency of 1 Hz for most of the Adelaide city. A study by Collins et al. (2006), using 

the NEHRP seismic site classification system, assigned Adelaide a Class D, which 

corresponds to a Vs,30 of 257 m/s. However, their measurement was limited to only a 

single location, namely the Government House site. These studies combined, suggest that 

the applicable soil model for Adelaide lies in the subsoil range between Classes C and D.  

This broad seismic classification has a number of ramifications from an earthquake 

structural design perspective and McBean (2010) investigated the consequences of these 

two different seismic classes and concluded that the Adelaide CBD can be represented as 

Class D.  However, it is widely appreciated that the subsurface of the City of Adelaide is 

highly variable (Selby & Lindsay, 1982 and Jaksa, 1995).  

 

2.5  SITE LOCATION, DATA ACQUISITION AND PROCESSING  

In order to undertake the HVSR technique, microtremor measurements were carried out 

across the Adelaide city. Ten locations were examined, 5 to the north and 5 to the south 

of the city, as indicated by the red circles in Figure 3.1. Three sets of equipment were 

deployed at 4 sites (#01, #02, #04 and #05) to the north of Adelaide and one site (#03) 

was measured using a single device. Field survey data sheets are provided in Appendix E. 

Similarly, to the south of the city, 3 sets of equipment were deployed at 4 sites (#06, #07, 

#09 and #10) and location #08 was measured using a single device. The recorded noise 

data were separated into 30-minute duration datasets using the Eqwave application 

(ES&S, 2013) as suggested by Setiawan et al. (2015). A typical example of the acquired 

data is shown in Figure 3.2. Each dataset includes noise measurement in 3 orthogonal 

directions (two horizontal and one vertical). Figure 3.1 also shows (with red squares) the 

locations of selected tests undertaken by McCue & Love (1997), which will be discussed 

in a later section. A typical subset of the acquired 30 minute waveform data, saved as 

standard ASCII (*.SAF) files, as recommended by the Site Effects Assessment using 

Ambient Excitation [SESAME] (SESAME, 2004). 
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Figure 3.1 Site locations of microtremor measurements of the present study (red circles) and 

McCue & Love (1997) (red squares). 

 The equipment used to acquire the data consisted of a seismometer with two horizontal 

and one vertical sensor, an analog-to-digital recorder, a GPS antenna and a laptop 

computer which was used for initial setup and checking. A battery was used to power the 

system. Ambient noise data were acquired continuously for at least two hours using a LE-

3Dlite Lennartz seismometer and Kelunji digital data recorder. The seismometer was set 
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on top of a 20 mm thick circular concrete slab over a generally firm to stiff ground 

surface. The location, where the seismometer was fixed, was cleared of any tall grass and 

leveled so as to minimize any instability to the seismometer during recording. The 

seismometer was oriented to North and protected from the wind with a plastic bucket and 

stabilized with a masonry brick. 

 

Figure 3.2 Typical example of the measured ambient noise data. 

In the present study, two hours of noise data are considered sufficient for appropriately 

representing the measured site, as temporal variability has been examined by recording 

more than two days of continuous ambient noise data in the Adelaide city. After 

examining the reliability of the recorded noise data, as well as exploring whether any of 

the data originated from an industrial source over 96 datasets [each set involves a 30 

minute noise record, as suggested by Setiawan et al. (2015)], an HVSR analysis using 

Geopsy (Geopsy, 2015) is carried out and the results are shown in Figure 3.3. The HVSR 

analysis using Geopsy is explained in detail later. As shown in Figure 3.3, the results of 

the HVSR analysis demonstrate similar curve patterns, particularly from about 0.8 Hz to 

10.0 Hz. A high curve pattern dispersion, from a frequency of 0.8 Hz downward to 0.25 

Hz, suggests a low noise source intensity over this frequency interval, as shown later in 

the paper. Further investigation is undertaken to validate whether or not two hours of 



48                   Chapter 3. Seismic Site Class. Based on Const. Modeling of Measured HVSR Curve in Regolith Sites 

noise data are sufficient by arranging the fundamental frequency of all the HVSR 

analyses, with respect to the time and date of the measurement, the results of which are 

shown in Figure 3.4. This is undertaken because 4 consecutive fundamental frequencies, 

beyond the mean fundamental frequency ± one standard deviation, are unavailable. The 

analysis also suggests a fundamental frequency of 1.0 Hz with a discrepancy of 

approximately 0.025 Hz. In other words, the analysis confirms that two hours of 

continuously recorded data are sufficient to detect any spurious measurements. Moreover, 

Figure 3.4 also demonstrates that the time of measurement has no appreciable effect on 

the results. Furthermore, all of the equipment sets deployed in the present study are 

examined for their repeatability. Whilst conducting the testing described above, all other 

deployed equipment sets were also run at the same location, with a separation distance of 

approximately 0.5 m from one another. The HVSR analysis curves of all deployed 

equipment sets are presented in Figure 3.5. These results confirm the repeatability of the 

equipment. 

 
Figure 3.3 HVSR test results of continous 2 days of data in lengths of 30 minutes for one of 

equipment sets used in the present study. 
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Figure 3.4 Fundamental frequency of HVSR test results of continous 2 days of data in 

lengths of 30 minutes for one of equipment sets used in the present study. 

  

 

Figure 3.5 HVSR test results for all used equipment sets used in the present study 

incorporating the envelope of the HVSR analysis of 2 days of continously recorded data 

subdivided into sets of 30 minute lengths. 
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As mentioned above, 30-minute datasets were post-processed to obtain the horizontal 

vertical spectral ratio (HVSR), which is necessary to determine the site periods and to 

infer the shear wave velocity profile. HVSR processing was carried out using the Geopsy 

software (Geopsy, 2015) developed within the framework of the Site Effects Assessment 

using Ambient Excitation (SESAME) Project. In the present study, the default parameters 

and auto window selection were adopted. Prior to conducting the HVSR analysis, the 

Geopsy damping toolbox is adopted to detect the presence of any data originating from an 

industrial source. An industrial origin is concluded if the damping is much lower than 1% 

and the frequency is sustained. This detection is important to justify the validity of the 

recorded ambient noise data used in the HVSR analysis. Some typical results from the 

detection of any data originating from an industrial source are shown in Figure 3.6. 

Industrial origin detection results are attached in Appendix F. 

 

Figure 3.6 Typical results of identification of data from an industrial source. 
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3.5.1 Sources of recorded ambient noise data 

In the investigation of the subsurface structure the frequency of the ambient noise sources 

is found to range between 0.005 to 10 Hz. A threshold of 1 Hz is widely accepted to 

delineate natural sources of noise from anthropogenic sources (SESAME, 2004). The 

frequency range of the natural noise, known as microseisms and triggered by natural 

processes such as ocean waves, tides and wind, is between 0.005 Hz and 1 Hz, whereas 

the frequency range of anthropogenic noise, known as microtremor and is associated with 

human activities, ranges between 1 and 10 Hz (SESAME, 2004). In the present study, 

ambient noise data sources, recorded at all the measured sites, ranged between 0.4 and 15 

Hz. However, greater intensity is captured from at least 0.8 Hz. Spectral analysis of the 

ambient noise data recorded in the present study suggests the highest intensity, 

manifested by strong amplitude, occurs at a range of 2 to 6 Hz, a typical example of 

which is shown in Figure 3.7. These observations suggest that the sources of the recorded 

ambient noise data are related mainly to human activities. This frequency range has been 

found to be useful in investigating the near-surface geology, which is mainly concerned 

with site effects for seismic hazard assessment (Bard, 1998; Shapiro & Campillo, 2004; 

and Bonnefoy-Claudet et al., 2006). Figure 3.7 also shows that the anthropogenic noise 

sources in the present study originate from all directions. This suggests that noise 

originating from industrial sources is not present in any of the recorded data used in this 

study. 

3.5.2 Calculation of the HVSR curve 

The HVSR method is based on the spectral ratio analysis between the Fourier amplitude 

spectrum of the horizontal (H) and vertical (V) components of the recorded ambient 

vibration. Initially, selecting the most stationary parts of the ambient vibration to exclude 

transient waves, such as footsteps and close distance traffic, was carried out by dividing 

the time series of each component into windows. Several parameters i.e. window length, a 

threshold of the short-time average/long-time average (STA/LTA) and the lengths of 

STA/LTA were employed in this process. Each selected window is then smoothed using a 

filter. The present study adopts the Konno & Ohmachi (1998) smoothing approach with a 

smoothing constant of 40. Subsequently, the HVSR is computed with the merged 

horizontal (H) components for each selected time window using the geometric mean. 

Finally, evaluation and averaging of the HVSR are carried out. The Geopsy software 
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implemented within the SESAME project (SESAME, 2004) is used to carry out the 

HVSR analysis. The HVSR method is undertaken at three stations at each of the sites. 

This method allows the generation of an HVSR ellipticity curve for each site from which 

the fundamental resonance frequency is identified. The HVSR ellipticity curve is also 

used to obtain the shear wave velocity profile for each site.  

3.5.3 Inversion of the HVSR ellipticity curve 

As discussed above, the HVSR ellipticity curves are inverted to a 1D shear wave velocity 

profile. A stratigraphic constraint is also incorporated in the inversion process by fixing 

the layer depths, including the level of the bedrock, in the inversion code. A 

comprehensive subsurface analysis of the study site, developed by (Selby & Lindsay, 

1982) and shown in Table 3.2, is adopted in the present study to establish the stratigraphic 

parameters at the measurement sites. Additional data by McPherson & Hall (2007), 

Sheard & Bowman (1996), Jaksa (1995) and McBean (2010) are also incorporated in the 

development of the parametric limit search. Generally, the parameterization models, in 

terms of compression wave velocity, shear wave inversion, Poisson ratio and density for 

the inversion process, are summarized in Table 3.3. 

 

Table 3.3. Search limits for the case sites of the present paper. 

Parameter Limit search Formation Code Remarks 

Compression wave 

velocity of Vp (m/s) 

200 – 1,000 Formations A to H 

Ref. (McPherson & 

Hall, 2007), (Love, 

1996), (Selby & 

Lindsay, 1982), 

(Sheard & Bowman, 

1996) and (McBean, 

2010) 

 

The formations vary 

from one site to 

another. 

200 – 2,000 Formation J 

700 – 5,000 Pre-Cambrian bedrock 

Shear wave velocity of Vs 

(m/s) 

150 – 500 Formations A to H 

150 – 1,000 Formation J 

500 – 3,500 Pre-Cambrian bedrock 

Poisson ratio 

0.3 – 0.5 Formations A to A2 

0.2 – 0.4 Formations B to J 

0.2 – 0.25 Pre-Cambrian bedrock 

Density (kg/m3) 
1,800 – 2,000 Formations A to J 

2,000 – 2,400 Pre-Cambrian bedrock 
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Figure 3.7 Typical results of frequency of noise sources in the recorded ambient noise data. 

The inversion of the HVSR ellipticity curves is carried out using the Dinver inversion 

code in the Geopsy software ((Wathelet et al., 2004; Wathelet et al., 2008 and Wathelet et 

al., 2005). The neighborhood algorithm of Sambridge, (1999) was implemented by 

Wathelet et al. (2004) in the Dinver inversion code. The neighborhood algorithm offers a 

simple interpolation of an irregular distribution of points in space by using Voronoi 

geometry to detect the most promising parts of the parameter space. Hence, Wathelet et 

al. (2004) suggested checking the robustness of the final results by running the same 
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inversion several times using different random seeds. As such, in the present study, at 

least three runs using different seeds (i.e. starting models) were carried out in the 

inversion process. At least 28,050 models for each run were generated, from which the 

best 20 models are extracted. The best 20 shear wave profiles represent the lowest 20 

misfit inversions from the measured HVSR ellipticity curves. Finally, the ground shear 

wave velocity models are developed from each run of each ellipticity curve inversion and 

the mean and median shear wave velocities are subsequently evaluated. 

 

3.6  HVSR TECHNIQUE RESULTS  

This section presents the results of the HVSR technique and examines the site 

fundamental frequency and shear wave velocity profiles.  

3.6.1 Site fundamental frequency 

The site fundamental frequencies obtained from the HVSR analyses are shown in Table 

3.4. All HVSR analysis curves of the present study are attached in Appendix G. Typical 

examples of these are shown in Figure 3.8. Most of the sites in Adelaide are estimated to 

yield a fundamental frequency of approximately 1 Hz. Only 3 sites (#07, #8, #10) exhibit 

fundamental frequencies below 1 Hz. A clear fundamental frequency peak can be 

observed at Locations #01, #02, #03, #04, #07, #08 and #09, whereas #05, #06 and #10 

indicate otherwise. At Location #05 and #06, Instrument #A was unable to capture a 

distinct and reliable peak. Two instruments at Location #10 (Instruments #A and #B), 

were unable to obtain a clear and reliable HVSR peak curve. This suggests a high lateral 

variability of the subsurface conditions at Locations #05, #06 and #10. Location #05 is 

adjacent to the River Torrens, which is underlain by recent fluvial deposits (Selby & 

Lindsay, 1982 and Sheard & Bowman, 1996). On the other hand, Location #06 is 

adjacent to the Para Fault zone (Aitchison et al., 1954) which is also expected to exhibit 

high lateral variability due to sediment tilting. Furthermore, stresses along the faults also 

may contribute to the complexity of the dynamic parameter, i.e. the shear wave velocity 

of the subsurface profile at this site. At Location #10 the deepest bedrock level was 

encountered. Another factor which contributes to the unclear and unreliable nature of the 

HVSR curve is the source of the ambient noise during the measurement. The amplitude of 

the noise sources was not strong enough to be captured during site measurement.  
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Figure 3.8 Examples of HVSR curves. 

Another interesting observation associated with the HVSR curves is the presence of 

secondary peaks, even at low amplitudes (less than 4), at Locations #01, #02, #03, #08 

and #09. The secondary peak frequency is between 4 and 6 Hz. The two-peak HVSR 

curves suggest that there are two different impedance contrasts at two different scales: the 

first peak relates to a deep structure and the second a shallow structure (SESAME, 2004; 

Toshinawa et al., 1997 and Gueguen et al., 1998). 
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The primary fundamental frequencies of all sites in Table 3.4 are plotted in Figure 3.9 and 

the mean and median of the fundamental frequencies are summarized in Table 3.5. The 

mean and median fundamental site periods are evaluated from the reciprocal of the 

fundamental frequencies. As shown in Figure 3.9, generally the amount of data variation, 

expressed by the standard deviation (SD), is low. The highest SD of the fundamental 

frequency in the present study is 0.06 Hz at Location #02. The remaining SDs from the 

measured sites vary between 0.004 to 0.004 Hz. Furthermore, the mean and the median of 

the fundamental frequency at the measured sites are generally similar, with only a 

discrepancy of as little as 0.013 Hz. 

 

 

Figure 3.9 Fundamental frequencies of each site location from the ambient noise 

measurements. 
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Table 3.4 Site fundamental frequencies of all instruments. 

L
o

ca
ti

o
n
 Fundamental frequency (Hz) 

Instrument #A Instrument #B Instrument #C 

a b c d e a b c d e a b c d a 

#01 

1.01 0.98 1.04 1.03 1.04 F 0.91 F 0.98 F 1.02 1.07 F 1.05 1.04 

1.02 0.95 1.05 

#02 

1.19 1.22 1.22 1.18 1.19 1.33 1.12 1.25 1.20 1.25 1.19 1.12 1.18 1.15 NA 

1.2 1.23 1.16 

#03 

1.11 1.08 1.09 1.06 NA                     

1.09                     

#04 

F 1.00 F 0.97 NA 1.02 1.05 1.06 1.06 1.01 1.04 1.08 1.07 1.05 NA 

0.99 1.04 1.06 

#05 

F F F F F 1.02 1.00 0.99 0.99 1.00 0.96 0.99 0.96 0.96 0.96 

F 1 0.97 

#06 

F F F F F 1.10 1.09 1.10 1.10 1.14 1.05 1.11 1.08 1.07 NA 

F 1.11 1.08 

#07 

0.82 0.81 0.81 0.80 0.82 0.80 0.80 0.80 0.79 NA 0.77 0.74 0.75 F NA 

0.81 0.80 0.75 

#08 

0.84 0.84 0.84 0.83 0.84                     

0.84                     

#09 

F F 0.65 F 0.67 0.72 0.72 F 0.74 NA 0.74 0.72 0.73 0.76 0.73 

0.66 0.73 0.74 

#10 

F F F F NA F F F F NA 0.79 0.80 0.81 0.82 NA 

F F 0.81 

Note: 

#01 is near Barton Terrace West. 

#02 is near Lefevre Terrace. 

#03 is inside Wellington Square. 

#04 is near Finniss Street. 

#05 is corner of Frome Road/ War Mem. Drive. 

#06 is corner of West Terrace/ Port Road. 

#07 is near Bartels Road. 

#08 is inside Victoria Square. 

#09 is corner of South Terrace/ West Terrace. 

#10 is corner of South Terrace/ Hutt Road. 

NA is ambient noise no data available. 

F is FAIL to comply SESAME (2004) criteria. 
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Table 3.5 Mean and median fundamental frequencies and periods for all locations. 

Location 

Fundamental frequency 

(Hz) 
Fundamental period (s) 

Remarks 

Mean Median Mean Median 

#01 (Barton Tce W) 1.02 & 5.6 1.03 & 5.1 0.98 & 0.18 0.97 & 0.20 Two-peaks 

#02 (Lefevre Tce) 1.20 & 5.8 1.19 & 5.8 0.83 & 0.17 0.84 & 0.17 Two-peaks 

#03 (Wellington Sq) 1.08 & 5.3 1.08 & 5.2 0.92 & 0.19 0.92 & 0.19 Two-peaks 

#04 (Finniss St) 1.04 1.05 0.96 0.95  

#05 (Frome Rd/ War Mem. Dr) 0.98 0.99 1.02 1.01  

#06 (West Tce/ Port Rd) 1.09 1.10 0.92 0.91  

#07 (Bartels Rd) 0.79 0.80 1.26 1.25  

#08 (Victoria Sq) 0.83 & 4.1 0.84 & 4.0 1.20 & 0.25 1.19 & 0.25 Two-peaks 

#09 (South Tce/ West Tce) 0.72 & 4.5 0.73 & 4.5 1.40 & 0.22 1.39 & 0.22 Two-peaks 

#10 (Hutt Rd/ South Tce) 0.80 0.80 1.24 1.24  

3.6.2 Shear wave velocity profiles 

In the present study, the shear wave profiles were obtained by using constrained modeling 

of the measured HVSR curves. This method has been successfully applied by 

Harutoonian et al. (2003) and Di Stefano et al. (2014). A slight adjustment is introduced 

in the present study by using a group of 3 seismometers to measure the identical noise 

source. The distance between each seismometer is approximately 50 m. The reason for 

using 3 seismometers in the present study is to ensure the consistency of the microtremor 

data. 

As discussed above, input parameters for the constrained modeling adopted in the present 

study are shown in Table 3.3. The site specific parameters are developed and estimated 

based on studies by McPherson & Hall (2007), Selby & Lindsay (1982), Sheard & 

Bowman (1996), Jaksa (1995) and McBean (2010). The number of layers in the 

parameterization models is determined from the nearest subsurface data available (i.e. 

boreholes and cross sections). The main data are provided by Selby & Lindsay (1982). 

Additional subsurface data associated with the study sites have also been incorporated 

from other references (Sheard & Bowman, 1996; Jaksa, 1995 and McBean, 2010). The 

main reason for adopting the available stratigraphic data is to simplify the inversion 

process and to minimize subjectivity. These site specific input parameters are used to 

generate at least 28,050 shear wave profile models based on the elliptical nature of the 

HVSR curves in each 30-minute dataset. The best 20 models are extracted and selected 

from the generated profiles of each HVSR curve. In the present study, only the HVSR 

curve, which satisfies the reliability criteria of SESAME (2004), is used in estimating the 
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shear wave profile; the remainder is discarded. Generally, each set of instruments is 

expected to obtain 5 HVSR curves. The following sections present the results which are 

divided into two main sections. The first section elaborates the results of all locations to 

the north of the River Torrens (North Adelaide) and another presents the results of all 

locations to the south of the River Torrens (South Adelaide). 

Shear wave velocity at North Adelaide 

Five locations were measured in North Adelaide: #01 (Barton West Terrace); #02 

(Lefevre Terrace); #03 (Wellington Square); #04 (Finniss Street) and #05 (Frome 

Road/War Memorial Drive). The ground surface profiles at the North Adelaide sites 

consist of 5 to 6 formations above bedrock (Selby & Lindsay, 1982). These upper layer 

formations suggest mean shear wave velocities varying between 152 and 703 m/s. The 

bedrock levels at these locations are estimated to vary between 50 and 64 meters below 

ground level, which suggests shear wave velocity of at least 1,610 m/s. The detailed mean 

and median shear wave velocity profiles for these North Adelaide locations are shown in 

Figures 3.10(a) to 3.12(a). For Location #05, which is situated near the River Torrens the 

HVSR analysis of instrument #A at this location is unable to satisfy the reliability criteria 

as outlined in (SESAME, 2004). Therefore, the present study excludes the inversion of 

the ellipticity curve for this instrument from further analysis, as indicated by “FAIL”. 

Shear wave velocity at South Adelaide 

In South Adelaide ambient noise was measured at 5 sites: #06 (West Terrace/Port Road), 

#07 (Bartels Road), #08 (Victoria Square), #09 (South Terrace/West Terrace) and #10 

(Hutt Road/South Terrace). Despite some difficulties to justify the bedrock level at the 

south-eastern of Adelaide City, the South Adelaide, generally, are founded on 8 to 10 

formations overlying Precambrian bedrock (Selby & Lindsay, 1982). Mean shear wave 

velocities of these formations vary between 153 and 711 m/s. The South Adelaide sites 

suggest gradually deeper bedrock levels toward the southeast, which is estimated to be 

encountered between 88 to 118 meters below ground level (Selby & Lindsay, 1982). The 

estimated shear wave velocity of this bedrock is at least 1,191 m/s (as shown in inverted 

shear wave velocity profile at Location #07 in Figure 13a). Detailed estimated mean and 

median shear wave velocity profiles associated with these sites are shown in Figures 

3.12(b) to 3.14(b). The HVSR analyses that were unable to satisfy the reliability criteria, 

as outlined in SESAME (2004), are excluded from further analysis and are indicated by 
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“FAIL”. For Location #06, the discarded shear wave profile is the inferred profile from 

HVSR analyses of instrument #A and for Location #10 is instruments #A and #B. 

 

Figure 3.10 Shear wave velocity profiles at (a) Location #01 and (b) Location #02. 

 

 

Figure 3.11 Shear wave velocity profiles at (a) Location #03 and (b) Location #04. 
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Figure 3.12 Shear wave velocity profiles at (a) Location #05 and (b) Location #06. 

  

 

Figure 3.13 Shear wave velocity profile at (a) Location #07 and (b) Location #08. 
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Figure 3.14 Shear wave velocity profile at (a) Location #09 and (b) Location #10. 

 

3.7  VALIDATION OF THE OBTAINED SHEAR WAVE VELOCITY 

PROFILES  

In order to validate the results of shear wave velocity profiles obtained in the present 

study and the appropriateness of the inversion results the spectral analysis of surface 

waves (SASW) method is adopted in addition to forward computation. These are 

discussed below.  

3.7.1 Shear wave velocity validation using a comparison with SASW method 

As discussed above, Collins et al. (2006) obtained shear wave measurements using the 

SASW method at Government House (GHS) in Adelaide (3455’142.2”S, 

13836’00.6”E). The results of this study are compared with those from the present study 

using the method discussed above. More than 12 hours of single microtremor 

measurement was recorded at the location 3455’08.4”S, 13836’03.6”E. Unfortunately, 

it is approximately 200 m from the location where the SASW measurements were 

obtained due to unforeseen factors. After assessing the possibility of noise originating 

from an industrial source, generating the HVSR ellipticity curve, checking the reliability 

of the HVSR ellipticity curve using the SESAME (2004) criteria, inverting the “passed” 
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curve using the Dinver code, extracting and averaging the best 20 models and combining 

all the shear wave velocity models from 24 datasets with 30 minutes of noise record in 

each, the results of the analysis are shown in Figure 3.15.  In general, as can be seen, the 

results of the present study are comparable with the results using the SASW method by 

Collins et al. (2006). The lateral and vertical variability of the site could be the main 

reason for the discrepancies in the results due to the 200 m separation distance as 

mentioned earlier. The results show that the present model is in good agreement for the 

top 5 m depth and from 15 to 40 m depth. 

A forward computation of the fundamental Raleigh wave of the measured site (Garcia-

Jerez et al., 2016) is also carried out to explore the appropriateness of the shear wave 

velocity model by comparing it to the observed HVSR. Forward computation modeling is 

also carried out for the SASW model. The comparison of the observed HVSR and the 

calculated HVSR is shown in Figure 3.16. The calculated HVSR from the present study 

and the observed HVSR is in good agreement. Furthermore, Figure 3.16 suggests better 

agreement between the calculated HVSR from the present study to the observed than the 

calculated HVSR from the SASW measurements. Again, the lateral and vertical 

variability of the shear wave velocity profiles are likely to be the main for the disparity. 

 

Figure 3.15 A comparison of the shear wave velocity profile of the present study to the shear 

wave velocity profile using the SASW method by Collins et al. (2006) at Government House. 
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Figure 3.16 The observed mean HVSR of the microtremor data (solid red line) ± one 

standard deviation (dashed red line) with the computed HVSR of the fundamental-mode 

Raleigh waves of the present study (black line with circle) and the present study (black line 

with crossline) at Government House. 

 

3.7.2 Shear wave velocity validation using forward computation 

The shear wave velocity model validation using forward computation into the 

fundamental Raleigh wave, herein termed ‘calculated HVSR’, is carried out for all 

developed models of the present study to explore the appropriateness of the developed 

model. Forward modelling proposed by (Garcia-Jerez et al., 2016) is employed in the 

present study. The horizontal to vertical spectral ratios of the calculated HVSR is 

compared to the observed HVSR. The comparison of the mean observed and calculated 

HVSR, plotted as logarithmic graphs, are given in Figures 3.17 and 3.18. As expected, the 

fundamental frequency using the HVSR method rises with increasing Vs,30. The observed 

and calculated HVSR peak frequency lies between 0.7 and 1.3 Hz. Overall, all measured 

sites exhibit comparable HVSR curves. 
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Figure 3.17 Comparison of the observed mean HVSR of the microtremor data (solid red line) ± 

one standard deviation (dashed red line) with the computed HVSR of the fundamental-mode 

Raleigh waves (black line with circle) for Locations #01 to #06. 

Location #01 Location #02 

Location #03 Location #04 

Location #05 Location #06 
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Figure 3.18 Comparison of the observed mean HVSR of the microtremor data (solid red line) ± 

one standard deviation (dashed red line) with the computed HVSR of the fundamental-mode 

Raleigh waves (black line with circle) for Locations #07 to #10. 

3.8  DISCUSSION OF THE RESULTS  

This section examines and discusses the results of the HVSR measurements with respect 

to the site fundamental frequency and seismicity site classes.  

3.8.1 Site fundamental frequency 

In order to provide context to the present study, this section compares the HVSR results 

from the present study with the extensive HVSR measurements obtained across Adelaide 

by McCue & Love (1997). The comparison is undertaken using the nearest locations 

adopted by (McCue & Love, 1997), as shown in Figure 3.1 above. The results of the 

comparison are presented in Figures 3.19 to 3.23. As can be observed, the mean HVSR 

Location #07 Location #08 

Location #09 Location #10 
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curves of McCue & Love (1997) fluctuate sharply, as indicated by the dashed red line, 

and hence a smoothing algorithm is applied to these curves and the outcomes are 

presented by the thick black line in the comparison figures. 

 

Figure 3.19 HVSR curve comparison at (a) Location #01 and (b) Location #02. 

 

 

Figure 3.20 HVSR curve comparison at (a) Location #03 and (b) Location #04. 
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Figure 3.21 HVSR curve comparison at (a) Location #05 and (b) Location #06. 

 

 

 

Figure 3.22 HVSR curve comparison at (a) Location #07 and (b) Location #08. 
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Figure 3.23 HVSR curve comparison at (a) Location #09 and (b) Location #10. 

 As shown in the figures, most of the mean HVSR curves of the present study are in very 

good agreement with those obtained by McCue & Love (1997), including all of the 

frequencies of the HVSR curve-peaks, except for Location #03. Furthermore, there is a 

clear, large-amplitude, HVSR peak at Locations #04, #05 and #07, which is likely to be 

the resulting of relatively high impedance contrast between the upper layers and the 

underlying bedrock, with estimated site frequencies ranging from 0.7 to 1.0 Hz. As 

mentioned above, Locations #04 and #05 are near the River Torrens, and Location #07 is 

close to a small creek leading to the River Torrens. Double HVSR curve peaks are 

encountered at Locations #01, #02, #03, #08 and #09, which highlight more complex sub-

surface dynamic characteristics. 

The good agreement between the mean HVSR curves of the present study and those 

obtained by (McCue & Love, 1997), as shown in Figures 3.19 to 3.23, suggest the 

consistency of the HVSR method with respect to time, as McCue & Love (1997) carried 

out their measurement in 1997, whereas the present study data were obtained in 2015. In 

particular, this temporal reliability of the HVSR analysis in the present study is also 

corroborated by the continuous 96 sets of ambient noise analysis from 3:00 pm on 

02/10/2014 to 2:30 pm on 04/10/2014 (see Figures 3.3 and 3.4). This temporal stability of 

the analysis of microtremor data was also demonstrated by (Okada, 2003). 
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The Adelaide CBD incorporates a variety of building types and building materials. In 

terms of the number of stories (N), most of the north and southeast of Adelaide consists 

of low-rise (1-5 story) buildings. Only the city center includes medium-rise (6-10 stories) 

to high-rise (>10 story) buildings. By adopting the building fundamental frequency 

approximation suggested by Kramer (1996), which is approximated by 10/N (Hz), the 

Adelaide building frequency in the north and southeast of Adelaide is between 2 and 10 

Hz, whereas in the city center, it is between 1 (or below) and 1.7 Hz. Resonance effects 

will occur when the building frequency is equal to or close to the ground frequency. This 

will lead to enhanced building vibration and increase the prospect of structural collapse 

and hence human injury and fatalities. 

Overall, the results suggest a fundamental frequency of 1 Hz for much of the Adelaide 

City, which suggests significant seismic amplification for medium-rise buildings 

throughout the city. The fundamental frequency at several locations (#07, #08, #09 and 

#10) is expected to be about 0.7 to 0.8 Hz, which suggests high vibration of high-rise 

structures around these locations during a seismic event. Furthermore, an additional 

second fundamental frequency of between 4 and 6 Hz is suggested for Locations #01, 

#02, #03, #08 and #09, which also indicates resonance of low-rise structures at these 

locations. 

3.8.2 Adelaide seismic site classes 

The seismic site class across all of North Adelaide sites is consistent for all classification 

systems adopted in the present study. All locations in this area can be classified as subsoil 

Class D by NEHRP, AS 1170.4 and McPherson & Hall (2007), as shown in Tables 3.6 

and 3.7. The estimated uppermost 30 m shear wave velocity ranges between 274 and 318 

m/s. This uniform seismic site classification is likely the result of a relatively consistent 

and shallow bedrock level in this area, which is 64 m below ground or less. In the north of 

Adelaide a high shear wave velocity, which is typically close to that of bedrock 

(>760m/s), is suggested at both Locations #01 and #02 (see Figures 3.10(a) and 3.10(b)), 

at depths shallower than those indicated by the borehole data. The nearest borehole to 

Locations #01 and #02 indicates respective bedrock depths of 59 m and 64 m, whereas 

the present study suggests the bedrock surface is at 43 m and 40 m, respectively. This 

discrepancy highlights the difficulty estimating bedrock level utilizing HVSR analysis in 

low impedance contrast sites, such as regolith. 
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Table 3.6 Adelaide CBD seismic site classes for all instruments at Locations #01 – #05 

(North Adelaide). 

Site/Location 

#01 #02 #03 #04 #05 

INST. 

S#A 

INST. 

#B 

INST. 

#C 

INST. 

#A 

INST. 

#B 

INST. 

#C 

INST. 

#A 

INST. 

#A 

INST. 

#B 

INST. 

#C 

INST. 

#A 

INT. 

S#B 

INST. 

#C 

304 

m/s 

305 

m/s 

342 

m/s 

305 

m/s 

259 

m/s 

254 

m/s 

315 

m/s 

297 

m/s 

340 

m/s 

280 

m/s 
NA 

278 

m/s 

289 

m/s 

D D D D D D D D D D NA D D 

NEHRP (BSSC, 2001) 

D D D D D D D D D D NA D D 

AS 1170.4 (Standards Australia, 2007) 

D D D D CD/D CD/D CD/D CD/D CD CD/D NA CD/D CD/D 

McPherson & Hall 2007) 

318 

m/s 

274 

m/s 

315 

m/s 

299 

m/s 

284 

m/s 

D D D D D 

NEHRP (BSSC, 2001) 

D D D D D 

AS 1170.4 (Standards Australia, 2007) 

D D D D D 

McPherson & Hall (2007) 

 

Note: 

#01 is near Barton Terrace West. 

#02 is near Lefevre Terrace. 

#03 is inside Wellington Square. 

#04 is near Finniss Street. 

#05 is corner of Frome Road/ War Mem. Drive. 

#06 is corner of West Terrace/ Port Road. 

#07 is near Bartels Road. 

#08 is inside Victoria Square. 

#09 is corner of South Terrace/ West Terrace. 

#10 is corner of South Terrace/ Hutt Road. 

INST.#A is Instrument #A 

INST.#B is Instrument #B 

INST.#C is Instrument #C 
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Table 3.7 Adelaide CBD seismic site classes for all instruments at Locations #06 – #10 

(South Adelaide). 

Site/Location 

#06 #07 #08 #09 #10 

INST. 

#A 

INST. 

#B 

INST. 

#C 

INST. 

#A 

INST. 

#B 

INST. 

#C 

INST. 

#A 

INST. 

#A 

INST. 

#B 

INST. 

#C 

INST. 

#A 

INST. 

#B 

INST. 

#C 

NA 
412 

m/s 

243 

m/s 

194 

m/s 

203 

m/s 

184 

m/s 

361 

m/s 

384 

m/s 

427 

m/s 

425 

m/s 
NA NA 

326 

m/s 

NA C C D D D C C C C NA NA D 

NEHRP (BSSC, 2001) 

NA B B D D D B B B B NA NA D 

AS 1170.4 (Standards Australia, 2007) 

NA C CD/D DE D DE C C C C NA NA CD/D 

McPherson & Hall (2007) 

337 

m/s 

194 

m/s 

361 

m/s 

418 

m/s 

326 

m/s 

C D C C D 

NEHRP (BSSC, 2001) 

B D B B D 

AS 1170.4 (Standards Australia, 2007) 

D D/DE C C D 

McPherson & Hall (2007) 

 

Note: 

#01 is near Barton Terrace West. 

#02 is near Lefevre Terrace. 

#03 is inside Wellington Square. 

#04 is near Finniss Street. 

#05 is corner of Frome Road/ War Mem. Drive. 

#06 is corner of West Terrace/ Port Road. 

#07 is near Bartels Road. 

#08 is inside Victoria Square. 

#09 is corner of South Terrace/ West Terrace. 

#10 is corner of South Terrace/ Hutt Road. 

INST.#A is Instrument #A 

INST.#B is Instrument #B 

INST.#C is Instrument #C 
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In contrast, the area to the south of the Adelaide CBD suggests much more variable 

subsoil classification. In this study, the south of Adelaide is estimated to relate to an 

upper 30 m shear wave velocity between 194 m/s and 418 m/s. This suggests a complex 

subsoil classification ranging from subsoil Class C to D, in the NEHRP classification 

system, or subsoil Class B to D in the AS 1170.4 classification system, or subsoil Class C 

to DE in the classification system by McPherson & Hall (2007). Generally, the AS 1170.4 

classification system is more conservative than the others, as shown at Locations #06, #08 

and #09. The AS 1170.4 method classifies subsoil class B for all Locations #06, #08 and 

#09, whereas the others classify these as subsoil classes C or D. This variable subsoil 

classification in the southern part of Adelaide is likely the result of highly variable 

stratigraphy and the increasing bedrock depth, which is approximately 100 m below 

ground level. Summary of Adelaide seismic site classes of the present study is shown in 

Table 3.8. 

Table 3.8 Summary of Adelaide seismic site classes.  

Location 

Seismic site classes based on Vs,30 

Remarks NEHRP 

(BSSC, 2001) 

AS 1170.4 

(Standards 

Australia, 

2007) 

McPherson & 

Hall (2007) 

#01 (Barton Tce W) D D D 

North 

Adelaide 

#02 (Lefevre Tce) D D D 

#03 (Wellington Sq) D D D 

#04 (Finniss St) D D D 

#05 (Frome Rd/ War Memorial Dr) D D D 

#06 (West Tce/ Port Rd) C B D 

South 

Adelaide 

#07 (Bartels Rd) D D D/DE 

#08 (Victoria Sq) C B C 

#09 (South Tce/ West Tce) C B C 

#10 (Hutt Rd/ South Tce) D D D 

    
 

Another ambient noise analysis by means of spatial autocorrelation (SPAC) method to 

infer the shear profile is also carried out by (Setiawan et al., 2016) for 8 of the 10 

locations in the present study. A comparison by means of the SPAC method with respect 

to the Vs,30 results is included to confirm the reliability of the inversion from the HVSR 

curve incorporating the stratigraphic constraints at regolith sites. The resulting values of 

Vs,30 from this study are in good agreement with the present study for Locations #01, #04, 

#05, #06, #09 and #10, as shown in Table 3.9 and Figure 3.24. By adjusting the Vs,30 at 

Locations #02 and #07 to follow the SPAC results, and constraining the areas along the 
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Torrens River, the Vs,30 of the present study is plotted and compared against the most 

recent Vs,30 mapping by Leonard (2015), as shown in Figure 3.25. Generally, the region 

corresponding to Vs,30 values less than 315 m/s is wider in the present study than that 

proposed by Leonard (2015). The preliminary result of the present study suggests that at 

least half of the Adelaide CBD areas to the north and south of the River Torrens has a 

Vs,30 value less than 315 m/s. 

 
Figure 3.24 Results of shear wave velocity of the top 30 m constrained by the ellipticity of 

the classic HVSR and SPAC curves plotted relative to NEHRP seismic site classifications. 

 
 

Table 3.9 Comparison of Vs,30 constrained using the ellipticity of the HVSR and SPAC 

curves. 

Location 
Vs,30 (m/s) 

Remarks 
Classic HVSR SPAC 

#01 (Barton Tce W) 318 340 

North  

Adelaide 

#02 (Lefevre Tce) 274 390 

#04 (Finniss St) 299 317 

#05 (Frome Rd/ War Memorial Dr) 284 272 

#06 (West Tce/ Port Rd) 337 366 

South 

Adelaide 

#07 (Bartels Rd) 194 319 

#09 (South Tce/ West Tce) 418 378 

#10 (Hutt Rd/ South Tce) 326 245 
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 Figure 3.25 (a) Preliminary map of VS,30 of the Adelaide CBD and the surrounding areas by 

Leonard (Leonard, 2015) and (b) map of VS,30 of the Adelaide CBD based on constrained 

modeling of the measured HVSR curve of the present study. 
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3.9  CONCLUSIONS  

Currently, seismic site classification is widely accepted in the design of seismic resilient 

infrastructure. Many researchers have successfully implemented the HVSR technique for 

seismic site classification because it is relatively straightforward, convenient and reliable 

in urban areas. However, the application of the HVSR technique in regions with various 

impedance contrast between the upper layer and bedrock, such as regoliths, for site 

seismic classification is uncertain and requires attention. The present study seeks to add to 

the body of knowledge associated with various impedance contrasts sites. Adelaide, the 

capital of and largest city in South Australia, is founded on a regolith site and is selected 

for the study case area. Ambient noise across the study case site is measured from which 

the seismic hazard parameters, i.e. site periods and shear wave profiles, are quantified 

using HVSR analysis and constrained modeling of measured HVSR ellipticity curves. 

In the case of the Adelaide regolith, the majority of the locations are likely to have a site 

period greater than 0.8 seconds, and hence the site subsoil class D (NEHRP and 

Australian Standard) or class CD/D (McPherson & Hall, 2007) is the appropriate 

classification for seismic design purposes for locations in the northern part of the 

Adelaide CBD, whereas more complex seismic site classes from subsoil classes B to DE 

are identified in southern part of the CBD. Based on the 3 classification systems 

mentioned above, this southern part of the city can be classified as follows: subclasses D 

to C (NEHRP) or subclasses D to B (AS 1170.4) or DE to C (McPherson & Hall, 2007). 

These results are in reasonably good agreement with several previous studies. 

A preliminary upper 30 m shear wave map of the study case site is proposed. A slightly 

wider area of shear wave velocities below 315 m/s is identified. This result can be used to 

increase the resolution of map proposed by Leonard (2015). 

Finally, this study presents a promising application of HVSR analysis for seismic 

assessment of regolith sites. In this case, the ambient noise analysis is relatively 

straightforward, convenient and reliable. 
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4.1  INTRODUCTION  

Local site effects need to be considered when conducting seismic hazard assessments 

(Booth et al., 1986; Brebbia et al., 1996; Street et al., 2001) as earthquake motion can be 

significantly amplified at vulnerable soil sites and cause severe structural damage, such as 

that which occurred in the 1985 Mexico, 1988 Armenian, 1989 Loma Prieta, 1989 

Newcastle, and 1995 Kobe earthquakes. The bedrock profile and overburden sedimentary 

deposits contribute to site amplification effects (Graves et al., 1998; Bakir et al., 2002; 

Narayan & Rao, 2003; Narayan, 2005). Irregular sub-surface profiles, subjected to 

incident body waves, can result in focusing and defocusing of the seismic wave field 

manifested at ground level. The basin interface may change the velocity and direction of 

the waves. In certain circumstances, the focusing and defocusing phenomenon may cause 

amplification and de-amplification at the ground surface. The effect of the basin bedrock 

profile is revealed by the damage patterns of the Northridge, Sherman Oaks, and Santa 

Monica, California earthquakes (Somerville & Graves, 1996; Graves et al., 1998).  

Single station ambient noise measurements are useful for investigating the depth of 

bedrock. Ibs-von Seht and Wohlenberg (1999) developed an empirical relationship 

between fundamental resonance frequencies and overburden thickness for the Lower 

Rhine Embayment in Germany and suggested good agreement between the horizontal to 

vertical spectral ratio (HVSR) peak frequency with the overall overburden thickness, 

ranging from tens to more than 1,000 meters (m). These developments have provided a 

practical means of estimating overburden thickness using ambient noise data. 

Subsequently, many studies have used similar approaches for estimating the thickness of 

sediments overlying bedrock (e.g. Bodin et al., 2001; Parolai et al., 2002; Gosar, 2004; 

D’Amico et al., 2004; Hinzen et al., 2004; Lane et al., 2008; Dinesh et al., 2010; Paudyal 

et al., 2012a & b; and Guo et al., 2014; Guo & Aydin, 2016). All of these studies were 

carried out essentially in relatively thick, homogenous and uniformly layered systems and 

in high impedance contrast sites. Estimating the bedrock surface using ambient noise 

analysis at regolith sites subjected to a complex layered system and various (low to high) 

impedance contrasts is the subject of ongoing research.  

The present study is focused on bedrock depth estimation in presence of a complex 

subsurface profile and various impedance contrast sites, which is manifested in 

Adelaide’s regolith. Regoliths include all weathered materials in the zone between the 
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ground surface and the underlying bedrock (Wilford & Thomas, 2013). The Australian 

National Committee on Soil and Terrain (NCST) (2009) characterizes the regolith as the 

mantle of earth and rock altered or formed by land surface processes, whereas bedrock is 

the zone formed or altered by deep-seated crustal processes. The NCST characterized 

regolith and bedrock by different processes, rather than grouping them into different 

classes of material. Thus, characterizing earth layers as either regolith or bedrock is a task 

which involves many parameters including mineralogy and structure; climate, particularly 

rainfall and temperature; aeolian inputs; topography; biota, including vegetation and 

organisms; age, and soil-landscape history (Wilford & Thomas, 2013). The unique 

processes and parameters that control the development of a regolith when compared to 

bedrock result in different characteristics of masses within the regolith zone to those 

within the bedrock zone. Generally, the regolith tends to have lower density, strength, and 

cohesion than bedrock (NCST, 2009). Two previous investigations, namely Leonard 

(2015) and Collins et al. (2006), suggested various (~2.1 to ~3.5) impedance contrasts for 

the regolith at the investigated sites. Collins et al. (2006) measured the shear wave 

velocity at the Government House Site (GHS) in Adelaide, South Australia, using the 

spectral analysis of surface waves (SASW) method. Collins et al. (2006) suggested an 

average shear wave velocity of about 420 m/s for Adelaide’s overlying layer and 810 m/s 

for Adelaide’s bedrock. By assuming densities of 1,900 kg/m3 for the overlying layer and 

2,100 kg/m3 for the bedrock, the SASW measurements by Collins et al. (2006) suggested 

an impedance contrast of ~2.1. A near surface seismic site classification by Leonard 

(2015) suggested a shear wave velocity of 315 m/s for the upper 30 m for most of the 

Adelaide city. Thus, the impedance contrast raw estimation for much of the city is ~3.5, 

by assuming the shear wave velocities of the overlying layer and bedrock are 315 and 

1,000 m/s, respectively, assuming respective densities of 1,900 and 2,100 kg/m3. This 

study, also, suggested various impedance contrasts for the regolith at the study sites, as 

shown by the shear wave velocity profiles presented later in the paper. The uniqueness of 

the regolith in Australia has been highlighted by McPherson & Hall (2007) who 

suggested a modification to the seismic classification system in the widely adopted 

National Earthquake Hazard Reduction Program (NEHRP) for Australian National 

Regolith Site Classification Map. The main objective of this paper is to investigate the 

reliability of various ambient noise data analysis methods for engineering assessment of 

bedrock depth for such sites.  
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Adelaide, South Australia, the case study area of this paper, is considered the most 

seismically active of the Australian capital cities. Adelaide has suffered great losses from 

earthquakes (Dyster, 1992, McCue, 1975). Observations of seismic recordings obtained 

during the 1997 Burra earthquake suggest significant ground amplification at Adelaide 

(McCue et al., 2001). Therefore, this study is relevant for enhancing understanding of the 

seismic hazards of Adelaide.  

 

4.2  SEISMICITY AND GEOLOGY OF THE CASE STUDY AREA  

The Australian continent is classified as a stable continent region (SCR) (Johnston, 

1996a; Celerier et al., 2005; Hillis et al., 2008). Seismic activity in this region is 

categorized as low to moderate (Veevers, 1984). However, the deformation rate of the 

Australian continent is faster than other stable intraplate regions (Hillis et al., 2008). The 

continent experiences magnitude ≥ 6.0 earthquake every 5 years (McCue, 1990). 

Furthermore, several major devastating earthquakes have occurred in such ‘stable’ 

continents such as at Meeberrie (1941; ML 6.8), Meckering (1986; MS 6.8), Cadoux 

(1979; MS 6.4) and Tennant Creek (1988; MS 6.3) (cf. Johnston, 1996b; Crone et al., 

1997; Sandiford et al., 2004; Boominathan et al., 2008). 

Adelaide lies within the most seismically active region in the Australian continent 

(Sandiford, 2003; Quigley et al., 2006; Quigley et al., 2007). A comprehensive study of 

the historical seismicity in the Adelaide region was conducted by Malpas (1991). This 

author extended the seismic data by exploring historical records, local newspapers, 

meteorological records and other reports and at least 42 significant events ranging from 4 

to 7 on the modified Mercalli intensity scale (MM) earthquakes were identified in the 

Adelaide region since 1837. In this pre-instrumental period, two moderate seismic events 

occurred at Beachport in 1897, with Richter local magnitude (ML) of 6.3, and at Warooka 

in 1902 (ML 5.9) (Malpas, 1991). Both the 1897 and 1902 events caused extensive 

damage in the epicenter area and were felt strongly hundreds of kilometers (Malpas, 

1991) from the epicenters. The epicenters of these historical earthquakes are shown in 

Figure 4.1. The Malpas (1991) study suggests the importance of seismic hazard 

investigations in the case study area. The findings of Malpas (1991) are supported by 

Greenhalgh et al. (1994), who concluded that at least 300 earthquakes are recorded by 
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seismic instruments each year in South Australia, with 15 events of magnitude 5 or 

greater in the last 150 years. 

 

Figure 4.1 Epicentres of the historical earthquakes (Malpas, 1991) including location of 

Adelaide city study area. 

The Adelaide case study area lies within the Adelaide Plains (Selby & Lindsay, 1982). 

The field sites are separated into two main plateaus, on the north and south sides of the 

Torrens River. In the north plateau area, geological profiles consist of 5 to 6 formations 

above the bedrock, which are predominantly Quaternary alluvium-Pooraka Formation, 



Chapter 4. Estimating Bedrock Depth in the Case of Regolith Sites Using Ambient Noise Analysis                     85 

Gull Rock Member of the Blanche Point Formation, Undifferentiated basal Blanche Point 

Formation and Tortachilla Limestone, South Maslin Sand, and Clinton Formation (see 

Table 4.1). The bedrock depth of the north plateau area is estimated to range from 50 to 

64 m below ground surface (BGS) (Selby & Lindsay, 1982). The situation is more 

complex in the south plateau area. In this area, 8 to 10 formations (most of the formations 

indicated in Table 4.1) overlie Precambrian bedrock. Available information on the South 

Adelaide site suggests bedrock deepens towards the southeast, ranging from 88 to 118 m 

BGS, as shown in Figure 4.2 (Selby & Lindsay, 1982). General descriptions of the 

formations are given in Table 4.1. A typical high variability sub surface setting beneath 

the Adelaide city center is suggested by Selby & Lindsay (1982). Furthermore, the 

Keswick and Hindmarsh Clays underlying Adelaide have attracted some research 

attention. Both the Keswick and Hindmarsh clays are very similar in nature, characterized 

as stiff to hard, fissured, overconsolidated clays of high plasticity. Cox (1970) studied the 

physical properties of these clays and concluded that their geotechnical characteristics are 

remarkably similar to those of the London Clay. Sheard and Bowman (1996) indicated 

that a disconformable erosion surface exists between the Keswick and Hindmarsh clays.  

 

4.3  METHODOLOGY  

4.3.1 Field noise measurements 

Ambient noise field measurements were conducted at 8 sites in the parklands that 

surround the Adelaide city area (Figure 4.2) using 7 sets of 3-component seismometers 

and at two sites using a single 3-component seismometer. Sites #01, #02, #04, #05, #06, 

#07, #09 and #10 used 7 sets, whereas the remainder of the sites (#03 and #08) used a 

single seismometer. These seismometers record the 3 orthogonal components of 

vibration: two horizontals (i.e. east–west and north–south) and one vertical. The data 

were recorded and saved to internal memory storage in each instrument. At each survey 

location, noise measurements were conducted for at least 2 hours at a sampling frequency 

of 100 Hz. Field data were filtered with a cutoff frequency of 50 Hz. A hexagonal array 

with a radius of 50 m (R = 50 m) was used for the array field noise measurement. Only 

recordings on 3 instruments (in a triangular arrangement) were used for the horizontal to 

vertical spectral ratio (HVSR) analysis and the vertical seismometer readings from all 
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instruments were used to analyse the spatial autocorrelation (SPAC). At each of the 8 

sites, four tests with a duration of 30 minutes were conducted at a different time using all 

instruments. 

 

Figure 4.2 Map of the study area showing isobaths of the Precambrian bedrock (Selby & 

Lindsay, 1982) including locations of microtremor measurements (red circles). 
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Table 4.1 Descriptions of the formations of the Adelaide City (Selby & Lindsay, 1982). 

Code Formation Description 

A 
Quaternary alluvium, Pooraka 

Formation [HOLOCENE] 

Red brown silty CLAY (CH), grades downwards to 

SAND and GRAVEL (SP-GP) 

A1 
Keswick CLAY 

[PLEISTOCENE] 

Grey-green CLAY (CH) with red and brown 

mottling, stiff to hard, fissured 

A2 
Hindmarsh CLAY 

[PLEISTOCENE] 

Grey-green CLAY (CH) with yellow and red 

mottling with overlying SAND (SC) 

B 
Carisbrooke Sand 

[PLEISTOCENE] 

Yellow, orange brown and grey, fine to medium 

clayey and silty SAND (SC-SM) 

C 

Bunham Limestone and Hallet 

Cove Sandstone 

[PLEISTOCENE TO 

PLIOCENE] 

White clayey, sandy and rubbly LIMESTONE; Pale 

grey to yellow brown calcareous SANDSTONE with 

layers of sand (SP) 

D 
Sand unit of Port Willunga 

Formation [EOCENE] 
Fine silty SAND (SM) 

E 

Tandanya Sand Member of 

Chinaman Gully Formation 

[EOCENE] 

Gravelly, clayey SAND (SC-GW) 

F 
Gull Rock Member of Blanche 

point Formation [EOCENE] 

Alternating bands of cherty siltstone and grey SILT 

(ML) 

G 

Undifferentiated basal Blanche 

Point Formation and Tortachilla 

Limestone [EOCENE] 

Green to dark grey clayey SAND (SC) with 

LIMESTONE 

H South Maslin Sand [EOCENE] 

Dark grey, brown at depth, but weathering to red 

brown or yellow, silty SAND (SM) with pyrite 

lumps 

J Clinton Formation [EOCENE] 
Dark grey CLAY (CL) with LIGNITE; irregular 

clayey SAND zones (SC) 

K Precambrian bedrock 

White, pink, brown, purple, blue-grey and greenish 

grey with thin sandy bands, decomposed quartzite or 

quartz veins, high plasticity SILT slightly sandy, 

very stiff to hard with a moisture content well below 

the plastic limit > 480 kPa 

 

All the equipment used for the noise data acquisition consisted of 3 component (3C) LE-

3Dlite Lennartz seismometers with an eigenfrequency of 1 Hz. These 3C seismometers 

were equipped with an analog-to-digital recorder (Kelunji digital data recorder), a global 

positioning system (GPS), antenna and a battery. A laptop computer was used for initial 

setup and checking. The seismometers were placed on a 20 mm thick circular concrete 

slab over a generally firm to a stiff ground surface, which was previously cleared of 

vegetation. The seismometers were leveled so as to minimize any instability during 

recording. The seismometers were also oriented to magnetic North and protected from 
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wind-induced vibrations by means of a plastic container and stabilized with a masonry 

brick on top. All of the equipment sets deployed in this study were examined for their 

repeatability. All equipment sets were run simultaneously at the same location, with a 

separation distance of approximately 0.5 m from one another. The HVSR analysis was 

carried out on all recorded data from all deployed equipment sets. The HVSR analysis 

curves for all equipment sets are presented in Figure 4.3, which suggests similar curve 

patterns, particularly between about 0.8 and 10.0 Hz. This result confirms the 

repeatability of the equipment. The details of the HVSR and SPAC methods are presented 

below. 

 

Figure 4.3  HVSR test results for all deployed equipment sets in this study incorporating the 

envelope of the HVSR analysis of 2 days of continuously recorded data at a station outsite 

the investigated sites (~3 km at the north-east of Adelaide city. 

4.3.2 Horizontal to vertical spectral ratio (HVSR) analysis 

The horizontal to vertical spectral ratio (HVSR) ambient noise method, herein referred to 

as HVSR, was introduced by Nogoshi and Igarashi (1971) based on the work of Kanay 

and Tanaka (1961). HVSR was popularized by Nakamura (1989) and has been used 

extensively since. Analysis of the spectral ratio between the Fourier amplitude spectrum 

of the horizontal (H) and vertical (V) components of the recorded ambient noise record is 

the key to HVSR. In accordance with the recommendations of the project “Site Effects 
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Assessment Using Ambient Excitation” (SESAME, 2004), the selection of the windows 

with the most stationary wave forms to exclude the transient noises is a crucial initial step 

in computing HVSR spectral ratios. The Fourier spectra of each HVSR component are 

smoothed in each selected window and then merged by adopting the geometric mean. 

Finally, the obtained HVSR is computed and averaged. 

The HVSR is calculated by taking the root mean square of the Fourier amplitude spectra 

of the horizontal components (FNS for the Fourier amplitude spectra in the north-south 

and FEW for the Fourier amplitude spectra in the east-west directions) divided by the 

vertical component frequency spectrum (FUD), as shown in Equation (4.1) (Delgado et al., 

2000): 
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The ellipticity curve indicated by HVSR analysis has been used to constrain successfully 

the generation of the shear wave velocity model by Arai & Tokimatsu (2004), Castellaro 

& Mulargia (2009), Di Stefano et al. (2014) and Del Gaudio et al. (2014). In this study, 

the HVSR approach is used to estimate the shear wave velocities of layers above bedrock 

at the instrumented sites. 

The frequency corresponding to the first dominant peak of the HVSR spectrum plot is 

referred to as the site fundamental resonance frequency (SESAME, 2004). Once the 

fundamental resonance frequency of the site is obtained, it can be used to estimate 

bedrock depth, as suggested by Kramer (1996), provided the shear wave velocity of the 

overlying layer is known. This approach is herein referred to as the generic function (GF). 

Further explanation of this approach is provided later. 

4.3.3 Spatial autocorrelation (SPAC) analysis 

The spatial autocorrelation (SPAC) method (Aki, 1957) requires simultaneous recording 

of ambient noise at a minimum of 3 microtremor stations to conform to an appropriate 

instrumental array (Claprood, 2012). In the present study, 7 instruments were deployed in 

a hexagonal array. Following the process described below, the Rayleigh wave dispersion 

curve is obtained and used to determine the shear wave velocity profile. 
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In the SPAC method, Aki (1957) considered a circular array of stations for the noise field 

observation. Given, for harmonic waves of frequency ω, the time series of ground 

velocity u(0,0,ω,t) and u(r,θ,ω,t), recorded at the center C(0,0) and at a point X(r,θ) of the 

array, respectively, the spatial autocorrelation function can be defined as: 

( ) ( ) ( )trutur ,,,,,0,0,,  = …..…............................................... (4.2) 

where the right-hand-side of Equation (4.2) represents the average of the products of 

simultaneous samples of the two time series. The spatial autocorrelation coefficient ρ is 

defined as the average of the normalized autocorrelation function in all directions over the 

circular array: 
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where ϕ(0,ω) is the SPAC function at the center, C(0,0), of the circular array. Assuming 

that waves are stochastic and stationary in space and time, the integration of Equation 

(4.3) yields: 
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where J0(x) is the zero-order Bessel function of the first kind of x, and c(ω) is the phase 

velocity at the frequency ω. Using the Fourier Transform of the observed noise recording, 

the SPAC coefficient ρ(r,ω) can be obtained in the frequency domain as follows: 
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where SC(ω) is the power spectral densities of the noise records at C, SX(ω,r,θ) is the 

power spectral densities of the microtremors at X, and SCX(ω,r,θ) is the cross-spectrum 

between the ground motions at these two locations. 

The SPAC coefficients can be obtained by averaging the normalized coherence function 

of the cross-spectrum between points C and X in the direction of θ. The phase velocity for 

every frequency is estimated from the Bessel function in Equation 4.4. Finally, the 

velocity model can be inverted. 
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The SPAC analysis adopted in the present study is the modified version introduced by 

Bettig et al. (2001), which facilitates the computation of average SPAC coefficients for 

any irregular array configurations. This modification to SPAC uses a similar assumption 

to that adopted by the Aki (1957) version of SPAC, where the stochastic ambient noise 

wavefield is stationary in both time and space. The modification proposes that the 

computation of the averaged SPAC coefficients of the station pairs may be obtained from 

rings of finite radiuses r1 ≤ r ≤ r2, instead of using a fixed radius, r. The modified, 

averaged SPAC coefficient as defined by Bettig et al. (2001) is:  

….. (4.6) 

In practice, r1 and r2 are, respectively, the minimum and maximum sensor distance 

(radius) obtained from the co-array configuration and selecting station pairs with similar 

interstation distances (Bonnefoy-Claudet et al., 2005). The application of the modified 

version of SPAC in the present study affects both the resolution limit parameter (kmin) and 

the depth of the investigation. These issues are discussed in detail later. 

4.3.4 Bedrock estimation 

Bedrock estimation using generic function (GF) 

A generic function to estimate the bedrock level was presented by Kramer (1996). The 

function is based on the model of a damped linear elastic layer. A simple sedimentary 

basin, which consists of a soft layer overlying a rigid hard rock basement, is analyzed by 

providing n natural frequencies of the soft soil deposit as follows: 
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where n is the circular frequency of ground shaking of the nth natural frequency (Hz), Vs 

is the shear wave velocity (m/s), and h is the thickness of the layer (m). Generally, the 

peak amplification ratio occurs near the lowest natural frequency, which is known as the 

fundamental frequency. The vibration period, corresponding to the fundamental 

frequency, is known as the site period (T0) and the corresponding frequency is known as 

the fundamental resonant frequency (fs). The relations are given as follows: 
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Bedrock estimation using shear wave velocity profile of SPAC method 

a. Dispersion curve (DC) retrieval 

In this study, evaluation of the dispersion curves is carried out using the spatial 

autocorrelation (SPAC) techniques implemented in the Geopsy software package 

(Geopsy, 2015). The dispersion curve is evaluated based only on the vertical components 

of the microtremor data. The sole use of the vertical component of the seismometer data 

is motivated by the objective of analysing Raleigh waves and excluding Love waves. The 

fundamental Raleigh mode generally provides sophisticated interpretation tools in SPAC, 

provided the energy is confined to this single mode (Asten et. al., 2004). Pre-processing is 

carried out using a classical procedure for signal synchronization and mean and trend 

elimination. The seismic analysis code (SAC) algorithms of Goldstein et al. (2003) are 

used for this pre-processing. In this study, the use of several tests at each array location 

allows investigating the consistency of the evaluated dispersion curves. 

In order to evaluate the dispersion curves (DCs), two important features to consider are 

the resolution (kmin) and aliasing (kmax) limits characterizing the array configuration, 

estimated through the array transfer function (ATF: see Di Giulio, 2006). The parameter 

kmin refers to the width of the central peak of ATF and kmax refers to the limit to avoid 

alias effects. The values of kmin and kmax depend on the adopted array size (i.e. the 

minimum, Dmin, and maximum, Dmax, sensor spacing). Empirically Tokimatsu, (1997) 

defined the range of kmin and kmax within the following limits: 

…..…....................................................  (4.11) 

In the case of the 50 m radius, circular hexagonal array adopted in this study, kmin and kmax 

lie in the range of 0.0209 < kmin < kmax < 0.0628. These range values of kmin and kmax are 

used in this study to constrain the resolution limits. 

 

 (9) 
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The dispersion curves obtained from each location are presented in Figure 4.4. Four 

curves from each location are computed to confirm the reliability of the deduced 

dispersion curve. The results suggest good consistency at all locations, as shown by the 

black circles in Figure 4.4. The experimental dispersion curves can be as low as ~2.2 Hz. 

All of these dispersion curves, which correspond to the autocorrelation curves, are used to 

invert the shear wave velocity profiles for estimating the bedrock depth. 

  

(a) (b) 

  
(c) (d) 

Figure 4.4 Selected dispersion curves for the best 20 models comparing inversion and 

experimental results from selected tests at Locations  

(a) #01, (b) #02, (c) #04, and (d) #05. 
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The dispersion curves computed during the inversion process for all models are examined 

to explore the appropriateness of the model. The selected computed dispersion curves are 

incorporated in Figure 4.4. It can be readily observed that the computed dispersion curves 

agree well with the experimental models. This confirms the appropriateness of the results 

obtained for the frequency range applicable to the experimental dispersion curves. 

Significant errors are observed at low frequencies beyond the aperture of the array. This 

large discrepancy at low frequencies can be attributed to the increasing uncertainty 

associated with the estimated shear wave velocity at the greater depths. However, for the 

study site, which is associated with bedrock depths up to approximately 118 m, the 

maximum sensor spacing of 100 m should be sufficient, as the penetration of surface 

waves is in the order of half of the wavelength (Xia et al., 2000). The longest wavelength 

that can be reliably analyzed is approximately 3 times the maximum sensor spacing 

(Tokitmatsu, 1997). Thus, the maximum depth for reliably measuring shear wave velocity 

is approximately 1.5 times the maximum sensor spacing. 

b. Shear wave structure inversion (inversion technique) 

The present study uses the neighborhood algorithm (NA) of Sambridge (1999) to infer the 

shear wave profile using the SPAC autocorrelation curve. This NA was implemented by 

Wathelet et al. (2005) in the Geopsy computer program. The NA is a stochastic direct-

search method to identify an acceptable model inside a multidimensional parameter 

space. As with other direct-search methods, the NA generates pseudo-random samples in 

the parameter space using the dispersion curves constraint (Wathelet et al., 2005). Each 

sample corresponds to a set of parameters associated with a ground model. A misfit value 

is introduced to compare the computation results to the measured dispersion curve. This 

misfit value indicates how far the generated model deviates from the targeted solution. 

With poorly constrained parameters, inversion using the NA may result in different 

ground models, therefore it is recommended that several trials be undertaken using 

different random seeds (Sambridge, 1999). In this present paper, the shear wave velocity 

model is generated using the Geopsy program (Geopsy, 2015). The depth of bedrock is 

validated using the generated shear wave velocity profile. 

The U.S. National Earthquake Hazards Reduction Program (NEHRP) classified rock 

Class B (Rock) and A (Hard rock) as materials with shear wave velocities greater than 

760 m/s and 1,500 m/s, respectively (Building Seismic Safety Council (BSSC), 2001). 
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Moreover, McPherson & Hall (2007), in their development of the Australian National 

Regolith Site Classification Map, classified bedrock as materials with shear wave 

velocities greater than 760 m/s. The present study adopts these values of 760 m/s and 

1,500 m/s shear wave values to indicate bedrock level. A shear wave velocity of 760 m/s 

is the most commonly adopted criterion for defining engineering bedrock (Estrada, 2010). 

However, several measurements in Australia have shown that such a shear wave velocity 

is associated with extremely weathered rock. Therefore, the NEHRP classification of 

Rock Class A, with a minimum shear wave velocity of 1,500 m/s, is also incorporated in 

the present study, which has been shown in Australia to be associated with bedrock of at 

least moderate strength (McPherson & Hall, 2007). 

 

4.4  RESULTS  

4.4.1 Bedrock estimation using generic function (GF) 

Site fundamental frequency 

HVSR analysis by means of Geopsy (2015) is carried out to obtain the site fundamental 

frequency. The results of this HVSR analysis, for all tests at all measured sites, are 

included in Setiawan et al. (2018a) which is attached in Appendix H. Several tentative 

window lengths (i.e. 25, 30. 35 and 40 s) have been undertaken to obtain as many reliable 

HVSR curves as possible. The 40 s window length was selected as it provides the most 

reliable HVSR curves. The reliability of the HVSR curves is based on the SESAME 

(2004) criteria, which found that many more HVSR curves satisfied the SESAME criteria 

when using a 40 s window length than when adopting other window lengths. This 40 s 

window length is also used to explore HVSR curves to frequencies as low as 0.25 Hz. 

The fundamental frequency at most of the sites in the study area is estimated to be around 

1 Hz, whereas the remainder of the sites (#07, #08, #09 and #10) are below 1 Hz. A clear 

peak fundamental frequency of all deployed instruments was found at Locations #01, #02, 

#03, #04, #07, #08 and #09, whereas at Locations #05, #06 and #10 this peak was not 

well defined for some measurements due to unfavorable noise conditions. Instrument #A 

was unable to provide a distinct and reliable peak at Locations #05 and #06. Instruments 

#A and #B were also unable to produce a clear and reliable HVSR peak at Location #10. 

This may be due to some disturbances during the measurement period or some 
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inconsistencies during instrument setup, such as installation on a slightly unstable surface 

that caused a slight and gradual tilting during the measurement process. These unreliable 

data are excluded from the bedrock depth estimation. 

A secondary peak at frequencies of 4-6 Hz, whose amplitude is between 2 and 4 is 

detected at Locations #01, #02, #03, #08 and #09. The possibility that the second peak 

corresponds to the higher mode of vibration is investigated using Equation 6, for n > 0. 

The results suggest that the ratio of 5-6, between the frequencies of the secondary peak 

and the fundamental mode of the HVSR analysis, is inconsistent with the expected ratio 

of 3. This inconsistency was found at all detected locations (i.e. Locations #01, #02, #03, 

#08 and #09). Therefore, the secondary peak appears not to be associated with higher 

modes of vibration. The two-peak structure, evident at Locations #01, #02, #03, #08 and 

#09, suggests that there are two different impedance contrasts at two different scales: the 

first peak relates to a thick structure and the second to a shallow structure (cf Gueguen et 

al., 1998; SESAME, 2004). Furthermore, since the greatest amplification occurs at 

approximately the lowest natural frequency, known as the fundamental frequency 

(Kramer, 1996), further analysis, in the present study, to deduce bedrock depth is carried 

out using only this fundamental frequency. 

SESAME (2004) outlined a process by which the reliability of the HVSR curve can be 

assessed. Hence, further reliability assessment of the HVSR curves is undertaken using 

the SESAME (2004) criteria, as follows: (i) for the peak to be significant, f0 should be 

greater than 10 divided by the window length (Iw), which in this study is 40 seconds; (ii) 

the number of significant cycles should be greater than 200; and (iii) the standard 

deviation of the amplitude of the HVSR curve, at frequencies between 0.5f0 and 2f0, 

should be less than two when f0 > 0.5 Hz, or less than 3 when f0 < 0.5 Hz. All three HVSR 

reliable criteria must be satisfied to consider a curve reliable for further analysis. 

Furthermore, SESAME (2004) also outlined the criteria for identifying a clear HVSR 

peak, which consists of 6 conditions. At least 5 out of the 6 criteria must be met to define 

a clear HVSR peak. Only the values of f0 that pass the SESAME (2004) reliability and 

clear peak criteria were used for further analysis in the bedrock estimation at the 

measured sites, as shown in Figure 4.5(a). The tests that failed were removed. Figure 

4.5(b) presents the amplitudes at f0 of all tests that passed the SESAME (2004) criteria at 

all locations. 
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(a) (b) 

Figure 4.5 Results of HVSR reliability and clear peak assessments of tests that pass the SESAME 

(2004) criteria at all locations: (a) fundamental frequencies, and (b) amplitudes at f0. 

Shear wave velocity profile 

The average value of the shear wave velocity of the layers above bedrock must be defined 

to obtain the thickness of the overburden layer using the generic function suggested by 

Kramer (1996). The shear wave velocity profile of the present study is obtained by 

inverting the HVSR ellipticity curve. The 20 best models extracted from the results of the 

inversion are analyzed to obtain the arithmetic mean and median values of layer 

velocities. The appropriateness of the adopted shear wave velocity models was validated 

using forward computation, as suggested by Garcia-Jerez et al. (2016). The fundamental 

Raleigh wave, herein termed the ‘calculated HVSR’, is computed based on the adopted 

mean shear wave velocity and compared to the observed HVSR. Figure 4.6 presents a 

comparison of the mean observed and calculated HVSRs plotted using a logarithmic 

scale. As indicated in the plots, comparable results are observed at all measured sites for 

the bedrock depth estimation using GF. It is worth mentioning that comparisons between 

the experimental/observed and calculated HVSRs to validate the appropriateness of the 

inverted shear wave velocities have been carried out previously in many studies, such as 

by Apostolidis et al. (2004), Asten et al. (2004), Wathelet et al. (2004), Arai & 

Tokimatsu (2005), Garcia-Jerez et al. (2006), and Di Guilio et al. (2006, 2014). 

A summary of the average shear wave velocities for all layers above bedrock, including 

the fundamental frequencies and estimated bedrock depths for all sites in the present 

study, are given in Table 4.2. In this study, it is preferable to use the mean shear wave 

velocity rather than the median shear wave velocity for estimating bedrock depth by 

means of the generic function as the forward computation suggests that the computed 
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ellipticity of the fundamental mode Rayleigh waves (calc. HVSR) for the inversion of the 

mean shear wave velocity profile aligns better with the observed HVSR microtremor 

array data (observed HVSR) than the inversion of the median shear wave velocity profile. 

Therefore, in the present study, bedrock depth is estimated using the mean shear wave 

velocity. Figure 4.7 presents the results of the estimated bedrock depths compared against 

the nearest boreholes. All bedrock depth estimations using this generic function (GF) are 

provided in Appendix I 

. 

Table 4.2 Estimated bedrock levels using the generic function (GF) for all measured sites. 

Location 

Average shear 

wave velocity of 

overlying layer 

(m/s) 

Fundamental 

frequency (Hz) 

Estimated 

bedrock level 

using generic 

function (m) 

Bedrock depth 

from borehole 

data (m) 

#01 406 0.91 – 1.07 95 – 112 59 

#02 422 1.12 – 1.33 79 – 94 64 

#03 304 1.06 – 1.11 68 – 72 44 

#04 339 0.97 – 1.08 78 – 87 54 

#05 268 0.96 – 1.02 65 – 70 50 

#06 385 1.05 – 1.14 84 – 92 88.4 

#07 311 0.74 – 0.82 95 – 105 96 

#08 403 0.83 – 0.84 120 – 122 98 

#09 451 0.65 – 0.76 149 – 174 107 

#10 428 0.79 – 0.82 131 – 135 118 

 

Table 4.3 Adopted inversion parameters. 

Layer Depth 

Compression 

wave velocity 

(m/s) 

Poisson’s 

ratio 

Shear wave 

velocity 

(m/s) 

Density 

kg/m3 
Remarks 

Upper 

Layer 
1 – 30 200 – 2,000 0.2 – 0.5 150 – 1,000 18 – 20 

Vp1 < Vp2 < Vp3 

Nu1 < Nu2 < Nu3 

Vs1 < Vs2 < Vs3 

Rho1 < Rho2 < Rho3 

Transition 

Layer 1 
15 – 60 200 – 4,000 0.2 – 0.5 150 – 2,000 18 – 20 

Transition 

Layer 2 
50 – 150 200 – 5,000 0.2 – 0.5 150 – 3,500 18 – 20 

Bedrock >150 200 – 5,000 0.2 – 0.5 150 – 3,500 20 – 24 

Vp1, Vp2, & Vp3: Compression wave velocity of the upper layer, transition layer 1 & transition layer 2, respectively. 

Nu1, Nu2, & Nu3: Poisson’s ratio of the upper layer, transition layer 1 & transition layer 2, respectively. 

Vs1, Vs2, & Vs3: Shear wave velocity of the upper layer, transition layer 1 & transition layer 2, respectively. 

Rho1, Rho2, & Rho3: Density of the upper layer, transition layer 1 and transition layer 2, respectively. 
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4.4.2 Bedrock estimation using shear wave velocity profile of SPAC method 

In the surface wave inversion of the SPAC autocorrelation curve, Wathelet et al. (2005) 

adopted 4 main parameters associated with each layer: the compression wave velocity, 

Poisson’s ratio, shear wave velocity and the density. The layer can be assigned a specific 

thickness or over a reasonable range depending on the geological information available at 

the study site. In the present study, the profile of the site is assumed to be generally soft in 

the upper part (1-30 m depth), followed by gradually harder (15-60 m depth for 

Transition Layer 1 and 50-150 m depth for Transition Layer 2) before encountering hard 

bedrock (below 150 m depth). These layer depths are assigned to permit the 

neighborhood algorithm (NA) to search for the model that best fits the autocorrelation 

curve provided. The detailed parameter model adopted in the present study is summarized 

in Table 4.3. 

  

  

 

  

   

 

Figure 4.6 Comparison of the observed mean HVSR of the microtremor data (solid red line) ± one 

standard deviation (dashed red line) with the computed HVSR of the fundamental-mode Raleigh 

waves (black line) for bedrock estimation using GF. 

Location #02 Location #03 

Location #06 Location #10 



100                     Chapter 4. Estimating Bedrock Depth in the Case of Regolith Sites Using Ambient Noise Analysis 

For the bedrock depth estimation using the shear wave velocity profile of the SPAC 

method, 3 runs were carried out. At least 12,500 models were generated in each run, from 

which the 20 best models were extracted and analyzed. Typical results are provided in 

Figures 4.8 to 4.15. A summary of the interpreted bedrock depths using the SPAC method 

is shown in Figure 4.16. 

 

Figure 4.7 Interpreted bedrock depth (m) using the generic function at all locations 

compared against data from the nearest boreholes (Selby & Lindsay, 1982). 

  

4.5 DISCUSSION  

Correlations between the fundamental resonance periods at different sites and the bedrock 

depths estimated from (GF) and SPAC methods are examined. Figure 4.17 shows the 

analysis results from the various measurements acquired at the different sites investigated. 

The results obtained using the generic function (GF), in general, suggest an over-estimate 

when compared to the bedrock depths resulting from the boreholes, as shown in Figure 

4.17(a). The largest error occurred at Location #09 (see Figure 4.7). Despite a rather large 

scatter, as shown in Figure 4.7, good agreement is obtained at two locations (Locations 

#06 and #07) using this method. The discrepancy between the bedrock estimates derived 

from the application of the GF and borehole data can be associated with the over- and 

under-estimation of the Vs of the overburden from the HVSR ellipticity curve. 
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Figure 4.8 Typical interpreted bedrock depth using the SPAC method at Location #01. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 

 

 

Figure 4.9 Typical interpreted bedrock depth using the SPAC method at Location #02. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 
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Figure 4.10 Typical interpreted bedrock depth using the SPAC method at Location #04. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 

 

 

Figure 4.11 Typical interpreted bedrock depth using the SPAC method at Location #05. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 
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Figure 4.12 Typical interpreted bedrock depth using the SPAC method at Location #06. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 

 

 

Figure 4.13 Typical interpreted bedrock depth using the SPAC method at Location #07. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 
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Figure 4.14 Typical interpreted bedrock depth using the SPAC method at Location #09. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 

 

 

Figure 4.15 Typical interpreted bedrock depth using the SPAC method at Location #10. The 

dashed red lines represent the Vs bedrock threshold of 760 m/s and 1,500 m/s. The dotted 

red lines represent the level of estimated bedrock depths. 
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Figure 4.16 Summary of interpreted bedrock depths using the SPAC method. 

In contrast to the previous method, the SPAC method provided bedrock depth values 

slightly under-estimated when compared with those derived from the boreholes, as shown 

in Figure 4.17(b), but in any case, better approximated to the real values in comparison to 

the GF results. As shown in Figure 4.16, most of the bedrock depth estimates from SPAC 

are within 6 m or less of the borehole data, except for Locations #06 and #07, where the 

maximum offset is 9 m and 13 m, respectively. This better accuracy of the SPAC 

estimates is further confirmed by plotting them with respect to the fundamental periods of 

the sites investigated, as shown in Figure 4.17(b). The regression line of best fit of the 

SPAC results is almost coincident with that of the borehole data.  

Furthermore, the observed HVSR microtremor array data (observed HVSR) are compared 

with the computed ellipticity of the fundamental mode Rayleigh waves (calc. HVSR) for 

the inverted 1D simplified SPAC shear wave velocity profiles. The comparison is made to 

investigate the appropriateness of the inversion, even though the overburden shear wave 

velocity has no direct influence on the evaluation of bedrock depth using the SPAC 

method. Forward computing using Geopsy (2015) [calc. HVSR (Geopsy)], and Garcia-

Jerez et al. (2016) [calc. HVSR (HVInv)] are employed to compute the calculated HVSR 

(calc. HVSR). The comparison of the observed and calculated HVSR curves, using 

logarithmic plots at all SPAC measured sites, is presented in Figure 4.18. Generally, the 

results of calculated HVSR using both Geopsy (2015) and Garcia-Jerez et al. (2016) are 

in good agreement. The comparison of the observed and calculated HVSR curves at all 



106                     Chapter 4. Estimating Bedrock Depth in the Case of Regolith Sites Using Ambient Noise Analysis 

SPAC measured sites suggests comparable results. At two sites (Locations #6 and #10) 

one of the theoretical curves shows good agreement with the observed HVSR curves. The 

remainder of the sites, in general, show over- or under-estimation of the experimental 

HVSR curves.  

  

(a) (b) 

Figure 4.17 (a) Interpreted bedrock depths using the generic function method (Kramer, 1996) 

and (b) interpreted bedrock depths using the SPAC method. 

In terms of the resonance frequency, the calculated HVSR of the SPAC Vs profile 

suggests a higher resonance frequency at all SPAC measured sites than the observed 

HVSR. This discrepancy may be attributed to the inclusion of other wave types in the 

Raleigh waves of the recorded noise. Thus, the observed HVSR should be treated with 

caution, as this observed HVSR is assumed to consist predominantly of fundamental 

Rayleigh waves. The inclusion of different waves with Raleigh waves can produce 

different HVSR curves (Bonnefoy-Claudet et al., 2006a; 2006b; Castellaro & Mulargia, 

2009). Ideally, the other waves in this wavefield should be separated from the Raleigh 

waves. However, this task is difficult and contains many debatable issues (Bonnefoy-

Claudet et al., 2006a; Poggi & Fah, 2010). Currently, there is very little information on 

the quantitative proportions of the different waves in ambient noise. Bonnefoy-Claudet et 

al. (2006a) suggested that low frequency ambient noise consists predominantly of 

fundamental Rayleigh waves, but this remains a topic for discussion at higher frequencies 

(f > 1 Hz). Furthermore, the HVSR curves obtained from Geopsy and HV-Inv, as shown 

in Figure 4.18, seem often to show stronger peaks for Geopsy than  the HV-Inv  ones.  As 
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Figure 4.18 Comparison between the observed and calculated HVSRs                                                     

at all SPAC measured sites. 

Location#01 Location#02 

Location#04 Location#05 

Location#06 Location#07 

Location#09 Location#10 
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the basic assumption of the calculated HVSR of the Geopsy model is that the HVSR 

corresponds to the ellipticity of Raleigh waves. Therefore, the stronger peak for Geopsy’s 

HVSR curves is mostly due to singularities of Rayleigh wave ellipticity at the resonance 

frequency, whereas the Rayleigh vertical component tends to lose vertical-motion energy 

(cf Asten, 2004). Such sharp peaks in the HV-Inv’s HVSR curves are smoothed by the 

contribution of other types of waves (i.e. body, Love) to the vertical component of the 

motion (cf Arai & Tokimatsu, 2004; Garcia-Jerez et al., 2016). 

Both the GF and SPAC methods are compared directly to the bedrock depths obtained 

from the boreholes. Regression analysis is used for this purpose and the results are shown 

in Table 4.4, and Figure 4.19. As can be seen, good agreement is obtained between the 

bedrock depths predicted by ambient noise analysis and those physically observed from 

the boreholes. Furthermore, all the methods adopted in the present study are statistically 

analyzed to assess the accuracy of each method and to compare them. Here, the 

coefficient of correlation, r, the root mean squared error, RMSE, and the mean absolute 

error, MAE, are used to evaluate the methods. These three coefficients quantify the 

relative correlation and the goodness-of-fit between the estimated bedrock depth using the 

GF and SPAC methods and the actual bedrock level observed from the nearest boreholes. 

General guidelines, in relation to the absolute value of r, are suggested by Smith (1986) 

as follows: (a) r ≤ 0.2 is an indication of weak correlation; (b) absolute of r between 0.2 < 

r < 0.8 suggests moderate correlation; and (c) r ≥ 0.8 is an indication of strong 

correlation. 

The coefficient of correlation of r, RMSE, and MAE are calculated using: 
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where: 
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jy = model (estimated) output, nj yyyyy ,...,,, 321= ;  jd = desired (actual) output, 

nj ddddd ,...,,, 321= ; and n = the number of pairs of data. 

Comparisons of the results of the validation set obtained using all the methods are 

presented in Table 4.4. Here it is observed that the SPAC method performs better than the 

GF method for all three performance measures considered. The coefficient of correlation, 

r, the RMSE, and MAE obtained using the SPAC model are: 0.83, 15.0 m and 11.5 m, 

respectively. In contrast, these measures are 0.80, 27.4 m and 22.3 m, respectively, for the 

GF method examined. 

 

Figure 4.19 Comparison of results from both the GF and SPAC methods with bedrock 

depths from the boreholes using regression analysis. 

Table 4.4 Statistical analysis of bedrock depth estimation using the GF and SPAC methods. 

Performance 

measure 

Generic function 

(Kramer, 1996) 

SPAC 

760 m/s 1,500 m/s All 

r 0.80 0.89 0.86 0.83 

RMSE 27.4 m 16.8 m 12.9 m 15.0 m 

MAE 22.3 m 13.4 m 9.6 m 11.5 m 

Regression 

function 

y = 0.6939x + 7.0522 for Generic function (Kramer, 1996); and 

y = 0.9596x + 9.0606 for SPAC 
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The SPAC method is divided into the two different criteria for bedrock (i.e. shear wave 

velocities of 760 m/s and 1,500 m/s [BSSC, 2001]). The coefficient of correlation, r, 

RMSE, and MAE obtained using the 760 m/s criterion are 0.89, 16.6 m and 13.4 m, 

respectively and, for the 1,500 m/s criterion, these measures are: 0.86, 12.9 m and 9.6 m, 

respectively. This suggests that the 1,500 m/s criterion yields more accurate predictions of 

bedrock level than the 760 m/s criterion. 

4.6  CONCLUSIONS  

Local site effects need to be accounted for in seismic hazard assessment, as earthquake 

motions can be significantly amplified on soil sites and cause more severe structural 

damage, such as has occurred in many historical earthquakes around the world. The 

bedrock profile contributes to the amplification and de-amplification at the ground 

surface, as shown by the damage pattern of the Northridge, Sherman Oaks and Santa 

Monica earthquakes, for example. Therefore, information regarding bedrock depth is 

crucial in seismic hazard studies. 

Considering the advantages of ambient noise analysis, this technique has been used in the 

investigation of bedrock level at many sites around the world, with most of these 

applications being for relatively thick homogenous, uniformly layered systems and strong 

impedance contrast sites, such as at the Lower Rhine Embayment and Cologne areas in 

Germany, Bangalore, India and Kathmandu, Nepal. Estimating the bedrock level using 

ambient noise analysis at regolith sites subjected to impedance contrasts in the low to 

high range is under-represented in the literature and, hence, requires further attention. 

This study seeks to address this need by investigating suitable methods to estimate the 

basement topography of regolith sites using microtremor observation. The case of 

Adelaide, the capital and largest city in South Australia, which exhibits site amplification 

and is founded on regolith, is investigated in the present paper. Ten microtremor 

measurements were obtained at various locations across Adelaide’s central business 

district. At 8 locations a sensory array was used and at the remaining two, a single sensor 

was employed. 

In order to estimate bedrock level, the paper presents analyses adopting the generic 

function (GF) and spatial autocorrelation (SPAC) method using the neighborhood 

algorithm (NA) inversion. The estimates are compared with boreholes drilled in close 
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proximity to the measurement locations and the results of the analyses suggest that the 

SPAC method outperforms the GF approach. This confirms that the microtremor SPAC 

method is an effective tool for estimating the bedrock depth at regolith sites.  
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Chapter 5. Estimating Near Surface Shear Wave Velocity Using 

5.1  INTRODUCTION  

In areas of high seismic hazard risk, the reliable assessment of site amplification effects is 

crucial in the accurate prediction of ground accelerations of future, unexpected 

earthquakes. Such an assessment can be deduced from the damage characteristics 

resulting from historical seismic events. However, in low to moderate seismic regions, 

recorded historical events, which cover medium to high seismic magnitudes, are often 

unavailable. An alternative approach to quantify the effects of site amplification is based 

on the upper 30 meters of the shear wave velocity (Vs,30) ground profile. Such an 

approach is recommended by many national standards, such as the National Earthquake 

Hazards Reduction Program (NEHRP) (BSSC, 2001), European Standards (Eurocode 8, 

2003), Standards New Zealand (Standards New Zealand, 2004) and Standards Australia 

(Standards Australia, 2007).  

Several different techniques have been proposed to obtain subsurface shear wave velocity 

profiles. One approach adopted in practice is to use geological characteristics to estimate 

the mean shear wave velocity profile (e.g. Fumal, 1978; Bauer, 2004; Holser et al., 2005). 

However, this technique requires detailed knowledge of the subsurface geology. An 

alternative approach, also used extensively in practice, makes use of conventional soil 

investigation techniques (e.g. standard penetration test [SPT] and cone penetration test 

[CPT]). Such penetration-based shear wave correlations have been used since 1966. A 

detailed overview of penetration-based shear wave velocity correlations is presented by 

Wair et al. (2012). More recently, an advanced seismic technique has been proposed, by 

making use of direct downhole or crosshole measurements (Lau, 2000; Luna & Jadi, 

2000). However, these downhole and crosshole techniques require highly specialized and 

sophisticated equipment, which are generally costly and require significant amounts of 

time to perform the required tests.  

In recent years, the application of surface waves has been demonstrated to produce 

reliable shear wave velocity profiles, relatively affordably and within a reasonable time 

frame (Bard, 1998; Puech et al., 2004; Bonnefoy-Claudet et al., 2006). This surface wave 

technique is based on the assumption that, in heterogeneous, layered ground, surface 

waves are dispersive, or in the other words, the surface wave velocity depends on the 
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frequency of the induced waves (Aki & Richards, 2002). In essence, there are two main 

techniques which use surface wave dispersion to define the shear wave velocity profile 

and these are the active seismic source method – e.g. spectral analysis of surface wave 

(SASW) (Nazarian et al., 1983) and multi-channel analysis of surface waves (MASW) 

(Park et al., 1999) – and the passive source method (Aki, 1957; Nakamura, 1989; Bettig 

et al., 2003; Asten, 2004; Picozzi et al., 2009; Asten et al., 2014; Garofalo et. al., 2016). 

These surface wave methods have been shown to be useful, efficient, non-invasive and 

relatively inexpensive. In urban areas, the passive source method has a further advantage 

in that it does not require a specific trigger (i.e. a hammer, blast or other controlled 

disturbance) to conduct the test. This passive source method uses ambient vibrations, 

which are present in a wide range of frequencies. Furthermore, the passive noise method 

can investigate the ground to greater depths than the active approach (Tokimatsu, 1997).  

Recent developments in enhancing the passive source method to record surface waves in 

an array have been proposed by many researchers (e.g. Haubrich, 1968; Woods & Lintz, 

1973; Harjes, 1990; Asten & Dhu, 1998; Kind, 2002; Ohori et al., 2002; Rost & Thomas, 

2002; Kind et al., 2005; Schweitzer et al., 2011). Major advantages of the array passive 

source technique are: (1) the method can be used to define the source of the waves, and 

(2) the estimation of the shear wave velocity profile is more reliable than using a single 

station. Spatial autocorrelation (SPAC), introduced by Aki (1957), is one of the more 

reliable and more promising of the ambient vibration array techniques currently available 

(Roberts & Asten, 2008; Di Giulio et al., 2014; Asten et al. 2014). The basic assumption 

of this technique is that surface waves resulting from ambient noise can be regarded as 

the sum of waves propagating in a horizontal plane in different directions with different 

powers, but with the same phase velocity for a given frequency (Aki, 1965). Therefore, 

the phase velocity of these waves can be computed by estimating the spatial-correlation 

function for a fixed frequency without knowledge of the directionality of the waves. By 

varying the frequency, the phase velocity can be determined as a function of frequency. 

To capture the surface waves from all directions, as originally proposed, the microtremor 

SPAC method for phase-velocity determination requires measurement of noise data using 

sensors placed in a circular array, with an additional one located in the center of the array 

(Claprood, 2012). In many cases in urban areas, such a sensor layout is difficult to 

achieve. This constraint has hence led to a number of studies that have modified the 
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original SPAC method (e.g. Bettig et al., 2001; Cho et al., 2004; Cho et al., 2006; Tada et 

al., 2006).  

This paper aims to: (1) investigate the applicability of the microtremor SPAC method to 

obtain the near surface shear wave velocity of a low to high impedance contrast site (≈ 3–

5) (see Chapters 3 and 4), and (2) propose a new near surface shear wave velocity profile 

for Adelaide, South Australia. The improved subsurface shear wave velocity profile will 

provide more accurate site response analysis, including peak ground acceleration and 

peak ground velocity, at various sites across the city, which will also result in more 

resilient infrastructure and enhanced emergency response in the event of future 

earthquakes. 

This paper presents the results of a series of measurements obtained from various sites 

located in the central business district of Adelaide, which was chosen because it is one of 

the Australian capital cities with the highest seismic risk in Australia (Leonard et al., 

2013). Furthermore, Adelaide is the only Australian capital city that has experienced a 

seismic event in close proximity, which occurred on 1 March 1954. Known as the 

Adelaide Earthquake (Richter magnitude of 5.5 and at the depth of 4 km), this event 

injured three people, damaged many buildings in the city and the surrounding suburbs, 

cracked many houses, resulting in the collapse of many heavy parapets (Dyster, 1992), 

and at least 30,000 insurance claims were filed (McCue, 1975). Figure 5.1 presents a 

simplified geological map of the study site and the surrounding area, and includes the 

location of the 1954 Adelaide Earthquake. 

In the present study, the methodology associated with the original SPAC method is 

adopted. A circular array, consisting of 6 identical seismometers, with an additional and 

identical seismometer placed in the center of the array, was deployed at all microtremor 

array measurement (MAM) sites. This hexagonal circular arrangement provided a better 

dispersion than the triangular one (Asten, 2006). For site characterization of the study 

area, the acquired data are analyzed using both the single-station (Nakamura, 1989; 

Lermo & Cha’vez-Garcia, 1993; Konno & Omachi, 1998) and array techniques (Aki, 

1957; Wathelet et al., 2004).  
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Figure 5.1 Locality of the study site and simplified geological map of the study site and the 

surrounding area (Selby, 1984). 
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5.2  SEISMICITY AND GEOLOGICAL FRAMEWORK  

In terms of seismicity, Johnston (1996a), Celerier et al. (2005), and Hillis et al. (2008) 

categorized the Australian continent as a stable continent region (SCR). Furthermore, 

Veevers, (1984) classified the seismic activity in the Australian continent as low to 

moderate. The deformation rate of this region is higher than other SCRs (Hillis et al., 

2008) and, hence historically, every five years or so the Australian continent is shaken by 

a seismic event of magnitude 6 or greater (McCue, 1990) (e.g. Meeberrie earthquake 

[1941; ML 6.8], Meckering earthquake [1986; MS 6.8], Cadoux earthquake [1979; MS 

6.4], Tennant Creek earthquake [1988; MS 6.3], and in Alice Springs [2016; MS 6.1]) 

(Johnston, 1996b; Crone et al., 1997; Sandiford et al., 2004; Boominathan et al., 2008; 

Geoscience Australia, 2016). 

In the Australian SCR, Adelaide is within the most seismically active area (Sandiford et 

al., 2004; Quigley et al., 2006; Quigley et al., 2007). This prompted Malpas (1991) to 

carry out a comprehensive historical study of Adelaide by exploring seismically related 

historical records published in the local press, newspapers, meteorological records, and 

reports prior to the establishment of Adelaide’s seismometer network, which is known as 

the ‘pre-instrumental period.’ This work identified at least 42 significant earthquakes in 

the Adelaide region. After the seismometer network was established in the Adelaide 

region in 1962, additional seismic events have been recorded. Furthermore, in South 

Australia there are at least 300 earthquakes (>ML 3.0) recorded annually and 15 seismic 

events of magnitude 5 or greater that have occurred in the last 150 years (Greenhalgh, 

1994). Most of these contemporary seismic events have occurred in the Adelaide 

Geosyncline (Malpas, 1991; Celerier et al. 2005). 

In terms of the geological framework, the structural geology of the Adelaide region is 

characterized by a series of faults oriented in the north-east to south-west direction. 

Several earthquakes associated with these faults have been documented (Selby, 1984). 

The most significant seismic event in recorded history is the Adelaide Earthquake which 

occurred on 1 March 1954, as mentioned above. It was associated with intra-plate activity 

along the Burnside-Eden Fault and exhibited a Richter magnitude of 5.5 (Selby, 1984; 

Love, 1996). 
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As shown in Figure 5.1, the city of Adelaide is bounded by the Para Fault to the west and 

the Eden-Burnside Fault to the east. These faults predominantly control the morphology 

of the city in the present day, as shown in Figure 5.2(a). The general morphology of the 

study site consists mainly of two plateaus in the north and south of the city, an upper 

outwash plain to the east of the city and lower an outwash plain to the west. The River 

Torrens, as shown, bisects the city from east to west. 

Adelaide is located in the eastern part of the St. Vincent Basin. Most of the upper surface 

of the ground in the study area, below the surficial and fill layer, generally consists of 

Holocene stratigraphic units of the Callabonna Clay and the Pooraka Formation. A 

relatively narrow channel of another Holocene unit of alluvium occurs along the River 

Torrens, which traverses from east to west and may be up to 21 m thick (Selby & 

Lindsay, 1982; Sheard & Bowman, 1996). Below this is the Keswick Clay and, in some 

limited areas, the Hindmarsh Clay. Underlying these are units of either Carisbrooke Sand, 

Burnham Limestone or Hallett Cove Sandstone. Beneath these are either the Gull Rock 

member of the Blanche Point Formation, the sand unit of the Port Willunga Formation or 

the Tandanya Sand Member of the Chinaman Gully Formation (Selby & Lindsay, 1982). 

Underlying these, most of the sites in the Adelaide city area, encounter the South Maslin 

Sand and Clinton Formation, beneath which is Precambrian bedrock situated 

approximately 64 m or less below ground, to the north of the city, and up to 118 m or 

more to the south of the city (Selby & Lindsay, 1982). Furthermore, Selby & Lindsay 

(1982) also suggested more highly variable stratigraphic units to the south of the city than 

to the north. Further details of the geological units underlying the Adelaide City are given 

in Table 5.1 (after Selby & Lindsay, 1982).  

 

5.3  HORIZONTAL TO VERTICAL SPECTRAL RATIO (HVSR) AND 

SPATIAL AUROCORRELATION (SPAC) ANALYSES  

Generally, the analysis of HVSR is used to quantify the site fundamental frequency and 

single seismometer data can be used in this analysis. On the other hand, the SPAC 

method requires data obtained from multiple seismometers set out in an array. The 

following sections briefly describe these two analyses that are adopted in this study. 
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Table 5.1 A summary of the underlying stratigraphic units of Adelaide city (Selby & 

Lindsay, 1982; Sheard & Bowman, 1996). 

Era, 

Periods, 

Epoch 

Age in 

Millions 

of years 

Geological 

Classification Name 

Maximum 

Thickness 

(m) 

Description 

Cenozoic 

Quaternary 

Holocene 

10,000 

years 

Alluvium of Torrens 

River 

21 

Red brown Silty CLAY; grades 

downwards to SAND and 

GRAVEL (SP-GP) 

Callabonna Clay Red brown CLAY (CH) 

Pooraka Formation 

Light brown Silty CLAY (CL-

ML), calcareous with layers of 

calcrete GRAVEL (GM) 

Cenozoic 

Quaternary 

Pleistocene 

1.5 

Keswick Clay 7 

Grey-green CLAY (CH) with red 

and brown mottling, stiff to hard, 

fissured 

Hindmarsh Clay 16 

Grey-green CLAY (CH) with 

yellow and red mottling with 

overlying SAND (SC) 

Carisbrooke Sand 13 

Yellow, orange brown and grey, 

fine to medium Clayey and Silty 

SAND (SC/SM) 

Burnham Limestone 1 – 2 
White Clayey, Sandy and rubbly 

LIMESTONE 

Cenozoic 

Quaternary 

Pliocene 

3 
Hallett Cove 

Sandstone 
12 

Pale grey to brown calcareous 

SANDSTONE with layers of 

SAND (SP) 

Cenozoic 

Quaternary 

Eocene 

30 – 38 
Port Willunga 

Formation 
39 

Sandy SILT and CLAY with 

strong CHERT nodules (GC-GP, 

ML, SM) 

 

Chinaman Gully 

Formation 
12 

Dark grey to black SILT and 

CLAY (ML-CL) with layer of 

Gravelly Clayey SAND (SC-GW) 

Blanche Point 

Formation 
25 

Alternating bands of cherty 

Siltstone and grey SILT (SM) 

overlying green to dark grey 

Clayey SAND (SC) and 

LIMESTONE 

South Maslin Sand 12 
Grey to brown or yellow Silty 

SAND (SM) with pyrite lumps 

40 Clinton Formation 27 

Dark grey CLAY (CL) with 

lignite; irregular Clayey SAND 

zones (SC) 

Proterozoic  
Pre-Cambrian 

bedrock 
 

Brown, pink, grey to white 

weathered SILSTONE with quartz 

veinlets 



124                                                    the SPAC Method at a Site Exhibiting Low to High Impedance Contrast 

Chapter 5. Estimating Near Surface Shear Wave Velocity Using 

5.3.1 Single station analysis of horizontal to vertical spectral ratio (HVSR) 

The horizontal-to-vertical spectral ratio (HVSR) seismic method was first introduced by 

Nogoshi & Igarashi (1971) and was based on the initial studies of Kanay & Tanaka 

(1961). The method was extensively used and popularized by Professor Yutaka 

Nakamura, and hence the method has become well known as the Nakamura technique 

(Nakamura, 1989). The HVSR method is an experimental technique to evaluate the 

dynamic characteristics of the ground surface due to seismic vibrations. The method is 

based on the analysis of the spectral ratio between the Fourier amplitude spectrum of the 

horizontal (H) and vertical (V) components of the recorded ambient vibration (SESAME, 

2004). 

The HVSR technique (Nakamura, 1989) has been widely used in seismic hazard 

assessment because the method is straightforward, convenient and reliable, particularly in 

urban areas. Studies by Picozzi et al. (2009) and Mokhberi et al. (2010) have successfully 

implemented the HVSR technique in Turkey and Iran, respectively, for estimating the site 

resonance frequency. Despite some of the limitations inherent in this method, Di Stefano 

et al. (2014) and Wotherspoon et al. (2015) found that the HVSR method is quite robust 

for studies examining site effects, provided that the subsurface geological data of the 

targeted measurement are well defined. 

5.3.2 Array station analysis of spatial autocorrelation (SPAC) 

The basic premise of ambient noise array methods, used for the inversion of shear wave 

velocity profiles, is that the ambient noise wave field is composed mainly of surface 

waves (Tokamitsu, 1997; Bard, 1998). In the ambient noise vertical motion field, 

Rayleigh waves are assumed to be more dominant than body waves (Fah et al., 2003). 

This array method is widely used to obtain the site shear wave velocity profiles (i.e. 

Horike, 1985; Yamanaka et al., 1994; Horike, 1996; Tokimatsu, 1997; Chouet et al., 

1998; Ishida et al., 1998; Miyakoshi et al., 1998; Satoh et al., 2001; Bettig et al., 2001; 

Scherbaum et al., 2003; Asten & Dhu, 2004). Given the assumptions that the site 

substructure is horizontally stratified and the ambient noise field is predominantly 

comprised of surface waves, the analysis of array measurement facilitates the generation 

of the autocorrelation and dispersion curves of the surface waves (Tokimatsu, 1997). 
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In the spatial autocorrelation analysis (SPAC) method, ambient vibration noise is 

considered as a temporal and spatial stochastic process. With these basic assumptions, the 

coherency spectra between all pairs of sensors in the array are evaluated. The coherency 

spectra are a measure of the similitude of ambient noise records from specific sensors for 

the frequency bandwidth investigated. The coherency spectra generated between all pairs 

of sensors in the array are azimuthally averaged over several inter-station separations 

(Henstridge, 1979; Cho et al., 2004) to determine spatially averaged coherency spectra, 

which have the shape of Bessel functions with respect to the shear wave profile (Aki, 

1957). The principles of the method are described in detail by Okada (2003). Typical 

arrays used in practice are the centered triangular and hexagonal arrays (Claprood, 2012). 

In the present study, a noise field measurement in a circular array is adopted for the 

SPAC method (Aki, 1957). In such a case, the spatial autocorrelation function is defined 

as: 

( ) ( ) ( )trutur ,,,,,0,0,,  =  ….................................................... (5.1) 

where  is the frequency of the ambient noise harmonic waves, with the velocity wave 

forms of u(0,0,,t) and u(r,,,t) observed simultaneously at C(0,0) [the center of the 

array] and at X(r,) [a point in the array], respectively. The parameter ( )tu  is the average 

velocity of the wave forms in the time domain. The average of the autocorrelation 

function, , in all directions over the circular array is manifested as the spatial 

autocorrelation coefficient, : 
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where (0,) is the SPAC function at the center C(0,0) of the circular array. Re-writing 

Equation (5.2) by integrating Equation (5.1) yields: 
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where J0(x) is the zero-order Bessel function of the first kind of X and c() is the phase 

velocity at frequency, . The computation of the spatial autocorrelation coefficient, 

(r,), is calculated using the vertical component of the ambient noise (Di Giulio et al., 

2006); therefore c() is assumed to be the phase velocity of the dispersion of the 

Rayleigh waves. Once the spatial autocorrelation coefficient of (r,) at several 

frequencies is justified, then the velocity profile can be inverted using the inversion 

method. 

5.3.3 SPAC array geometry, depth, and resolution and aliasing limits 

Currently, there is no general consensus in terms of aperture size, shape and the number 

of sensors in the array measurement of ambient noise. Assuming that there is no 

particular ambient noise source to be captured at the targeted location, a circular array is 

suggested (Jongmans et al., 2005). Asten & Henstridge (1984) recommended that the 

diameter of the array should be no less than the longest wavelength of interest and the 

station spacing should be less than half the shortest wavelength of interest. Furthermore, 

Asten & Henstridge (1984) also proposed the relationships between the minimum and 

maximum sensor spacing (Dmin and Dmax, respectively) and the minimum and maximum 

wavelengths (λmin and λmax, respectively) to achieve reliable measurements, as shown in 

the Equations (5.4) and (5.5). 

maxmax
3D= …..…........................................................................ (5.4) 

minmin
2D= …..….........................................................................  (5.5) 

Equation (5.4) was established from linear array, active source methods and is also 

applicable to ambient vibration arrays (Tokimatsu, 1997). This relationship is in good 

agreement with that suggested by Mokhberi et al. (2010), who proposed the maximum 

wavelength to be in the order of 2–4 times the maximum sensor spacing. Equation (5.5) 

was derived theoretically from the Nyquist wave-number. In the case of an irregular array 

geometry, Gaffet (1998) stressed that the λmin limit obtained from the minimum sensor 

spacing may be inappropriate, as a minimum of t w o  points per wavelength is difficult to 

achieve over the entire array. 
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The estimated depth of the investigation, dmax, that can be achieved using the array 

method is obtained from the /3 criterion of Tokimatsu (1997). The theoretical depth of 

investigation for an array is thus: 

3

max

max


=d …......................................................................................... (5.6) 

The depth of penetration using the array method was also suggested by Xia et al. (2000) 

who estimated, for surface waves, penetration in the order of half of the maximum 

wavelength, λmax. As a result, the maximum depth that a shear wave velocity, Vs, can be 

inferred from both the autocorrelation and dispersion curves is about 1.5Dmax. These 

empirical correlations suggest that a theoretical depth of at least 100 m is achievable 

using the largest aperture array in the present study. 

Two additional and important aspects to consider when deducing the autocorrelation and 

dispersion curves are the resolution and aliasing limits. The resolution limit, kmin, is the 

minimum width of the central peak, whereas the aliasing limit, kmax, specifies the 

maximum radius of the concentric search region that is iterated until the amplitude 

exceeds 0.5 (Di Giulio et al., 2006). These limits are relevant for all processing 

techniques and define the limits of spatial aliasing. The actual numerical values of kmin 

and kmax depend on both the array size and its geometry. Theoretically, an estimate can be 

obtained using the array transfer function or theoretical beam pattern. Empirically 

Tokimatsu, (1997) defined the range of kmin and kmax to be within: 

.............................................................. (5.7) 

These two limits are considered to be reliable to evaluate both the autocorrelation and 

dispersion curves for array processing (Tokimatsu, 1997). In the case of a 50 m radius, for 

the circular hexagonal array used in the present study, as shown later, kmin and kmax are in 

the range of: 

50

14.3

1003

14.32
maxmin =
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0628.00209.0 maxmin = kk …..…...................................................... (5.9) 

The value of kmin was used in this study to constrain the resolution limits and the value of 

kmax was determined as high as possible to cover the upper 30 meters of the shear wave 

velocity (Vs,30) ground profile. Table 5.2 shows the values obtained for each of the trials 

for all microtremor array measurement (MAM) locations. As shown in Table 5.2, the 

constraint limit of kmin is within the range suggested by Tokimatsu (1997). 

Table 5.2 Values of kmin and kmax adopted at each of the MAM locations. 

Array name and location Test kmin kmax 

MAM#01 

(Barton Tce W) 

a 0.040 0.060 

b 0.025 0.060 

c 0.021 0.060 

d 0.025 0.055 

MAM#02 

(Lefevre Tce) 

a 0.021 0.045 

b 0.024 0.035 

c 0.022 0.045 

d 0.025 0.045 

MAM#03 

(Finniss St) 

a 0.030 0.062 

b 0.025 0.062 

c 0.025 0.062 

d 0.025 0.062 

MAM#04 

(Frome Rd/ War Mem. Dr) 

a 0.021 0.060 

b 0.021 0.055 

c 0.021 0.060 

d 0.021 0.057 

MAM#05 

(West Tce/ Port Rd) 

a 0.021 0.057 

b 0.021 0.055 

c 0.026 0.050 

d 0.026 0.050 

MAM#06 

(Bartels Rd) 

a 0.021 0.062 

b 0.021 0.062 

c 0.021 0.057 

d 0.021 0.057 

MAM#07 

(South Tce/ West Tce) 

a – – 

b 0.021 0.035 

c 0.021 0.050 

d 0.021 0.050 

MAM#08 

(Hutt Rd/ South Tce) 

a 0.021 0.062 

b 0.021 0.062 

c 0.021 0.062 

d 0.021 0.062 

Notes:  *:  One of the seismometers was unable to record data. 
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5.4  METHODOLOGY  

The following sections describe the acquisition of the ambient noise data, estimation of 

the site fundamental frequency using the HVSR method and the development of the 

subsurface shear wave velocity profile.  

5.4.1 Array ambient noise data acquisition 

The ambient vibration array data were acquired using 7 identical seismometers. A 

hexagonal layout, with a radius of 50 m and an additional seismometer in the center, was 

used as shown in Figure 2(b). This hexagonal configuration was selected to obtain surface 

waves from all directions; therefore, the stations were each arranged at an angle of 60° 

from one another to obtain the widest azimuthal coverage. This hexagonal geometry was 

also selected due to the unknown nature of the specific source zones around the measured 

sites. The data were collected over a minimum period of two hours, as indicated in Table 

5.3. The geographical coordinates (latitude and longitude) of the array center, site 

characteristics and the conditions during measurement are also given in Table 5.3. The 

instrumentation consisted of 7 portable digital Kelunji stations equipped with 1 Hz 

Le3Dlite seismometers, as shown in Figure 5.2(c). The adopted sampling rate was 100 Hz 

and filtering was applied. All of the seismometers were protected by a plastic container 

and oriented to geographic North. A total of 8 microtremor array measurements were 

obtained, as shown in Figure 5.2(a). An example of the recorded ambient vibration array 

data is shown in Figure 5.3. Field survey data sheets are provided in Appendix E. 

5.4.2 Site fundamental frequency assessment 

As mentioned above, the site fundamental frequency is computed using HVSR analysis. 

Initially, single station processing of the horizontal vertical spectral ratio (HVSR) 

technique is carried out on the recorded ambient vibration data, using 3 of the 7 stations 

used in the present study. These stations were selected randomly in a triangular 

configuration. The HVSR analysis was undertaken using the Geopsy software, which is 

part of the SESAME project (Geopsy, 2018). This method allows the identification of the 

fundamental resonance frequency at each site. In general, the resonance frequency 

obtained using Geopsy, within the study site using this method, lies in the range between 

0.79 to 1.1 Hz. 
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(a) 

 

(c) 

 

(b) 

Figure 5.2 Details of microtremor array measurement (MAM): (a) Array layout; (b) LE3DLite 

Lennartz seismometer Kelunji Data Recorder; and (c) Location plan incorporating morphology of the 

study area (Selby & Lindsay, 1982). 

According to the SESAME (2004) recommendations, the initial step in computing the 

spectral ratios is to divide the time series of each HVSR component into windows. The 

objective of this initial step is to select and retain stationary parts of the ambient vibration 

excluding transient waves, which are usually associated with unnecessary specific 

sources, such as nearby human and vehicular traffic. In each selected window, the time 

series of each HVSR component is smoothed using a filter and SESAME (2004) suggests 

constant bandwidth smoothing is inappropriate for low frequencies and, hence, should be 

avoided. Subsequently, the HVSR spectral ratio is computed using the merged horizontal 

components for each selected time window. In doing so, SESAME (2004) recommends 

using the geometric mean to combine the two smoothed horizontal components of the 

surface waves. Finally, the obtained HVSR spectral ratios are averaged and the standard 

deviations computed. 

MAM 

MAM 

MAM 

MAM 

MAM 

MAM 

MAM 

MAM 
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Figure 5.3 Example of seismic vibration component data acquired at each array station for 

the North-South (top), East-West (center) and vertical directions (bottom). 

5.4.3 Evaluation of SPAC dispersion curve 

The analysis of the array measurements can facilitate the evaluation of the dispersion 

curves of the surface waves provided that the site subsurface stratigraphy is horizontally 

stratified and the ambient vibration field is comprised predominantly of surface waves 

(Tokimatsu, 1997; Okada, 2003). In the present study the evaluation of the dispersion 

curve is carried out using the SPAC technique (Aki, 1957). SPAC is based on both the 

measurement of spatial coherence of the steady waveforms and non-correlated sources, 

randomly distributed in space and time (Bettig et al., 2001). In the present study the 

dispersion or autocorrelation curves for each array are developed based only on the 

vertical components of the acquired microtremor data using Geopsy (Geopsy, 2018). The 

data are pre-processed using a classical procedure for signal synchronization and the 

mean and trend elimination, which is implemented in seismic analysis code (SAC) 

algorithms (Goldstein et al., 2003). The dispersion curve was selected by using resolution 
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and aliasing limits, as mentioned above. The use of several trials at each array location in 

the present study allows investigation of the variability and consistency of each test. 

Figures 5.4 and 5.5 show the dispersion curves obtained for all trials, which are 

subsequently used to compute the shear wave velocity profiles. The "trials" indicated in 

Figures 5.4 and 5.5 correspond to a different dataset collected at the same location. These 

are discussed in detail later in this thesis. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.4 Dispersion curves obtained from all tests at                                                                        

Locations (a) #01, (b) #02, (c) #03, and (d) #04. 

 

 

 

 

 



 the SPAC Method at a Site Exhibiting Low to High Impedance Contrast                                                                  133 

 

 

Chapter 5. Estimating Near Surface Shear Wave Velocity Using 

 

Table 5.3 Timetable and field records of all microtremor array measurement 

(MAM) locations. 

Array location 

name with the 

center 

coordinates 

Starting Ending Remarks 

MAM#01 

Lat/Long 

-34.936/138.612 

2015-06-16 

02:00AM 

2015-06-16 

04:30AM 

No wind, no rain, temperature about 16 degrees, 

hard dry earth ground with short grass, situated 

on a flat parkland with mostly a single storey 

housing nearby at the south and aquatic center at 

the north-west sides. All seismometers were set 

on the open area with relatively far from any 

structures including tall trees. 

MAM#02 

Lat/Long 

-34.936/138.612 

2015-07-02 

03:30AM 

2015-07-02 

05:43AM 

Weak wind, no rain, temperature about 17 

degrees, hard dry earth ground with short grass, 

situated on a relatively flat parkland with some 

tall trees and nearby mostly a single storey 

housing on the south and west sides. Five of 

seven seismometers were set relatively close to 

tall trees (about 3 meters away). 

MAM#03 

Lat/Long 

-34.936/138.612 

2015-07-01 

01:10AM 

2015-07-01 

03:30AM 

Weak wind, weak rain, temperature about 16 

degrees, hard dry earth ground with short grass, 

situated on a flat parkland with mostly two 

storey housing nearby at the north side. 

MAM#04 

Lat/Long 

-34.936/138.612 

2015-06-18 

04:00AM 

2015-06-18 

05:59AM 

No wind, no rain, temperature about 14 degrees, 

hard dry earth ground with short grass, situated 

on a flat parkland with single storey structures 

nearby at the north and Torrens River at the 

south sides. 

MAM#05 

Lat/Long 

-34.936/138.612 

2015-06-30 

01:36AM 

2015-06-30 

03:42AM 

No wind, no rain, temperature about 16 degrees, 

hard dry earth ground with short grass, situated 

on a relatively flat parkland with a 6-7 storey 

under construction new hospital building nearby 

on the north side and three storey buildings at 

east sides. 

MAM#06 

Lat/Long 

-34.936/138.612 

2015-07-08 

03:00AM 

2015-07-08 

05:00AM 

Weak wind, no rain, temperature about 16 

degrees, hard dry earth ground with short grass, 

situated on a relatively flat parkland with a 

single storey shed at the north side. 

MAM#07 

Lat/Long 

-34.936/138.612 

2015-06-25 

02:00AM 

2015-06-25 

03:39AM 

No wind, no rain, temperature about 16 degrees, 

hard dry earth ground with short grass, situated 

on a flat parkland. Seismometer Box 6 was set 

nearby a tree (about 10 meters). 

MAM#08 

Lat/Long 

-34.936/138.612 

2015-06-15 

04:38AM 

2015-06-15 

06:24AM 

No wind, weak rain, temperature about 16 

degrees, hard dry earth ground with short grass, 

situated on a flat parkland with mostly 2-3 

storey buildings nearby at the north side. 



134                                                    the SPAC Method at a Site Exhibiting Low to High Impedance Contrast 

Chapter 5. Estimating Near Surface Shear Wave Velocity Using 

 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.5 Dispersion curves obtained from all tests at                                                                       

Locations (a) #05, (b) #06, (c) #07, and (d) #08. 

5.4.4 Shear wave velocity inversion  

The neighborhood algorithm of Sambridge (1999), implemented by Wathelet (2005) and 

Wathelet et al. (2005, 2008), is employed to invert the surface wave dispersion (or 

autocorrelation) curves and obtain the shear wave velocity profiles associated with the 

test area. This implementation allows the generation of random velocity models for 

computing the theoretical dispersion curves. To identify the best shear wave velocity 

model, the theoretical dispersion curves are compared to the measurements. This 

comparison facilitates the computation of the misfit to justify the offset of the theoretical 

model to that measured, as follows: 
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where xdi is the experimental velocity at frequency fi; xci is the theoretical velocity at 

frequency fi; i is the uncertainty of the frequency samples considered; and nF is the 

number of frequency samples. The selection of the inversion, i.e. the final shear wave 

velocity model, should ideally be the model with the lowest misfit value. 

As with all classical inversion procedures, one needs to define the data to invert and the 

parameters to evaluate. In the present case, the data are represented by the dispersion 

curves (Figures 5.4 and 5.5) of the vertical component of the ambient vibration. The input 

parameters are the limit estimates of the P-wave and S-wave velocities, the Poisson’s 

ratio and the density. In the present study, each of these parameters is related to soil layers 

of fixed thickness, as the subsurface stratigraphy model is relatively well documented 

(Selby & Lindsay, 1982). The parameters are hence based on studies by Selby & Lindsay 

(1982), Jaksa, (1995), McPherson & Hall, (2007) and McBean, (2010), as summarized in 

Table 5.4. 

By adopting these data, and to investigate the robustness of the inversion, at least three 

inversion processes are carried out using different seeds (i.e. starting models). At least 

12,500 models are explored for each run. The best 20 models are extracted from each run 

and then combined, from which the mean and median shear wave velocities are deduced 

for each layer. The best 20 models are associated with the 20 lowest misfits from the 

obtained dispersion curves. Further inversion of the mean best 20 models is carried out 

based on the mean observed HVSR curve for the measured site. ModelHVSR of Herak 

(2008) was employed to perform this inversion. 

 

5.5  RESULTS AND DISCUSSION 

This section examines the results of the site fundamental frequency, which are obtained 

from the single station HVSR analysis, the dispersion curves and shear wave velocity 

profiles.  
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Table 5.4 Input parameters adopted for the constrained modelling. 

Formation 

Epoch 
Code 

Compression 

wave velocity 

(m/s) 

Shear wave 

velocity (m/s) 

Poisson's 

ratio 

Density 

(kg/m3) 

Quaternary Alluvium, 

Pooraka Formation, 

Holocene 

A 200–1000 150–500 0.3–0.5 18–20 

Keswick Clay, Pleistocene A1 200–1000 150–500 0.3–0.5 18.5–20 

Hindmarsh Clay, Pleistocene A2 200–1000 150–500 0.3–0.5 18.5–20 

Carisbrooke Sand, 

Pleistocene 
B 200–1000 150–500 0.2–0.3 18–20 

Burnham Limestone and 

Hallett Cove Sandstone, 

Pleistocene–Pliocene 

C 200–1000 150–500 0.2–0.3 18–20 

Sand unit of Port Willunga 

Formation, Eocene 
D 200–1000 150–500 0.2–0.3 18–20 

Tandanya Sand Member of 

Chinaman Gully Formation, 

Eocene 

E 200–1000 150–500 0.2–0.3 18–20 

Gull Rock Member of 

Blanche point Formation, 

Eocene 

F 200–1000 150–500 0.3–0.4 18–20 

Undifferentiated basal 

Blanche Point Formation and 

Tortachilla Limestone, 

Eocene 

G 200–1000 150–500 0.2–0.3 18–20 

South Maslin Sand,  

Eocene 
H 200–1000 150–500 0.2–0.4 18–20 

Clinton Formation,  

Eocene 
J 200–2000 150–1000 0.2–0.3 18–20 

Precambrian bedrock, 

Precambrian 
K 700–5000 500–3500 0.2–0.25 20–24 

 

5.5.1 Site fundamental frequency   

As mentioned above, estimation of the site fundamental frequency is carried out using 

HVSR analysis of 3 of the 7 stations in each array. At least 4 sets of ambient vibration 

data from each station are used in the HVSR analysis. Hence, at least 12 HVSR analyses 

are undertaken for each array. Reliability analyses are then performed using the SESAME 

(2004) guidelines. Only those HVSR curves that satisfy the reliability criteria are used to 

define the measured site fundamental frequency. A summary of the results for all array 

locations is presented in Table 5.5. In general, the measured site fundamental frequency 

of between 0.7 and 1.2 Hz, obtained from single station analysis of data from the MAM 
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stations, is in good agreement with the fundamental site frequency of 1 Hz suggested by 

McCue & Love (1997) for most of the Adelaide city. 

The site fundamental frequency is also estimated by forward modeling of the shear wave 

velocity profiles, as shown later. This site fundamental frequency is herein referred to as 

the ‘calculated site fundamental frequency.’ Three forward modeling methods (i.e. Bardet 

et al., 2000; Herak, 2008; and Geopsy, 2018) are used for estimating this fundamental 

frequency, as shown in Table 5.5. A comparison of all calculated fundamental 

frequencies is given in Figure 5.6, which shows that the fundamental frequency obtained 

using forward modeling is appropriate for estimating the site fundamental frequency. 

These calculated site fundamental frequencies are used to validate the measured site 

fundamental frequencies. It can be observed that the measured fundamental frequencies 

for the study site are comparable to the results for all array sites. 

 Table 5.5 Measured and calculated site fundamental frequency of all MAM 

locations. 

Array name and location 

Fundamental frequency Hz) 

Measured 
Calculated 

Ref. A Ref. B Ref. C 

MAM#01                                                 

(Barton Tce W) 
1.02 1.0 0.97 1.03 

MAM#02                                                  

(Lefevre Tce) 
1.20 1.2 1.12 1.21 

MAM#03                                                  

(Finniss St) 
1.04 1.0 1.02 1.06 

MAM#04                                                    

(Frome Rd/ War Mem. Dr) 
0.98 1.0 0.97 0.97 

MAM#05                                                      

(West Tce/ Port Rd) 
1.09 1.0 1.07 1.12 

MAM#06                                                 

(Bartels Rd) 
0.79 0.8 0.81 0.82 

MAM#07                                            

(South Tce/ West Tce) 
0.72 0.6 0.74 0.73 

MAM#08                                                     

(Hutt Rd/ South Tce) 
0.80 0.8 0.77 0.85 

Note: Ref. A is Bardet et al. (2000), Ref. B  is Geopsy (2018), and Ref. C is Herak (2008). 
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Figure 5.6 Comparison of calculated site fundamental frequency for all approaches. 

 

5.5.2 Dispersion curve  

As mentioned above, the dispersion curves obtained from each of the MAM locations 

tested were presented in Figures 5.4 and 5.5. Four trials at each MAM site are computed 

to confirm the reliability of the deduced dispersion curve. The results suggest good 

consistency in all trials at all MAM locations, except for Trial#4 at MAM#01, as shown 

in Figures 5.4 and 5.5. Therefore, Trial#4 of MAM#01 was exempted from further 

analysis as some technical abnormalities during field measurement contributed to this 

discrepancy. All of these dispersion curves, which correspond to the autocorrelation 

curves, are used to invert the shear wave velocity profiles. 

Figures 5.7 and 5.8 show the fundamental Rayleigh-wave dispersion curves derived from 

the inversion process, for all of the models, in order to assess the appropriateness of the 

model. These dispersion curves are compared against the experimental model, which are 

identified by black circles. It is clear that the theoretical dispersion curves, which are the 

derived dispersion curves of the best 20 inverted models, agree well with the 

experimental dispersion curves, which confirms the robustness of the results obtained. 

However, due to limitations associated with the measured frequency range, the error is 

larger at frequencies beyond the array aperture, particularly at low frequencies, which can 

be related to the increasing uncertainty of the estimated shear wave velocities at greater 

depths. 
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(a) (b) 

  

(c) (d) 

Figure 5.7 Dispersion curves of the best 20 models for the inversion compared to the 

experimental dispersion curve in black circle for some selected tests at                                    

(a) MAM#01, and (b) MAM#02, (a) MAM#03, and (b) MAM#04. 
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(a) (b) 

  

(c) (d) 

Figure 5.8 Dispersion curves of the best 20 models for the inversion compared to the 

experimental dispersion curve in black circle for some selected tests at                                        

(a) MAM#05, (b) MAM#06, (c) MAM#057, and (d) MAM#08. 

5.5.3 Shear wave velocity 

The Dinver code, which is part of the Geopsy software (Geopsy, 2018), is employed to 

obtain the shear wave velocity profiles from the dispersion curves at each of the measured 

sites. For each dispersion curve, in each run, a minimum of 12,500 models are generated, 

with each run repeated 3 times, using a different seed and the best 20 models are 

identified. The mean best model, at each MAM location, is obtained by combining each 

of the best 20 models from all runs and trials. The subsequent results are presented in 

Figures 5.9 to 5.12. Furthermore, the mean best shear wave velocity profiles obtained for 
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all MAM locations were adjusted based on the measured HVSR ellipticity curve, as 

mentioned previously. The results are also incorporated in Figures 5.9 to 5.12. Additional 

relationships between the obtained shear wave velocity profiles and the seismic site 

classification, as well as the site amplification factor, are examined in the following 

sections. 

 

 

  

(a) (b) 

Figure 5.9 Shear wave velocity profiles at (a) MAM#01 and (b) MAM #02. 
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(a) (b) 

Figure 5.10 Shear wave velocity profiles at (a) MAM#03 and (b) MAM#04. 
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(a) (b) 

Figure 5.11 Shear wave velocity profiles at (a) MAM#05 and (b) MAM#06. 
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(a) (b) 

Figure 5.12 Shear wave velocity profiles at (a) MAM#07 and (b) MAM#08. 

5.5.4 Site classification 

The seismic site classification system, based on the mean shear wave velocity of the 

uppermost 30 m of the subsurface layers, Vs,30, which was proposed by the National 

Earthquake Hazards Reduction Program (NEHRP) [BSSC, 2001], is the most widely used 

such system for seismic hazard assessment (Volti et al., 2016). The parameter Vs,30 can be 

calculated from: 
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where Z is the thickness (in meters); Vsi is shear wave velocity of the ith layer; and n is a 

total number of layers in the uppermost 30 m. In the present study, several seismic site 

classifications are examined, as shown in Table 5.6. These include the methods proposed 

by NEHRP (BSSC, 2001), AS 1170.4 (Standards Australia, 2007) and McPherson & Hall 

(2007). 

The NEHRP classification system classifies 5 subsoil classes from subsoil class A (hard 

rock) to subsoil class E (thick medium-soft soils). The Australian Standard (Standards 

Australia, 2007) seismic classification system adopts the following categories: (1) subsoil 

class B (rock) is used for Vs,30 > 360 m/s in contrast to the NEHRP system subsoil class C 

(very dense soil and soft rock); (2) a site fundamental period of surface-to-rock of 0.6 s is 

used to justify either subsoil Class C or Class D; and (3) subsoil Class E is used for very 

thick sites (> 10 m) with a shear wave velocity of 150 m/s or below, as shown in Table 

5.6. With regards to the NEHRP seismic classification system, McPherson & Hall (2007) 

proposed a general seismic site classification for regolith sites. Two parameters are 

associated with this classification system, namely Vs,30 and a description of the lithology. 

McPherson & Hall (2007) adopt 7 sub classes (B, BC, C, CD, D, DE, and E). 

Using the NEHRP system, all of the measured sites in the present study are classified as 

being between subsoil seismic class C and D; three sites (MAM#02, #05 and #07) are 

classified as subsoil class C; and the remainder as subsoil class D. A broad range of 

subclasses are specified by the Australian Standard, from subclass B to D. Subclass B is 

associated with a lower Vs,30 threshold (i.e. 360 m/s), and the inclusion of site periods 

(0.6s) in this classification system, shift MAM#02 to subsoil class B. Based on the 

McPherson & Hall (2007) classification system, the study area can be classified as 

between subsoil class D and C. As there is overlap in the shear wave velocity threshold in 

this system, most of the sites in the present study fall into two subsoil classes. 
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Table 5.6 Seismic site classifications. 

Site 

class 

Generalized 

soil 

description 

NEHRP 

(BSSC, 

2001) 

AS 1170.4 
(Standard 

Australia, 2007) 

Australian National Regolith Site Classification Map 

(McPherson & Hall, 2007) 

Vs,30 (m/s) Description 

A Hard rock > 1500 > 1500 – – 

B Rock 760 – 1500 > 360 > 760 
Fresh to moderately weathered hard rock units (plutonic 

& metamorphic rocks, most volcanic rocks, coarse-

grained sedimentary rocks, Cretaceous & older) 

BC – – – 555 – 1000 Highly weathered hard rock; some Tertiary volcanics 

C 
Very dense 

soil & soft 

rock 

360 – 760 
≤ 0.6 s (surface 

to rock) 
360 – 760 

Sedimentary rocks of Oligocene age; coarse-grained 

sedimentary rocks of younger age; extremely weathered 

hard rock units 

CD – – – 270 – 555 

Sedimentary rocks of Miocene and younger age, unless 

formation is notably coarse-grained; Plio-Pleistocene 

alluvial units; older (Pleistocene) alluvium; some areas of 

coarse younger alluvium 

D 
Dense to 

medium 

soils 

180 – 360 
> 0.6 s (surface 

to rock) 
180 – 360 Young (Holocene to Late Pleistocene) alluvium 

DE – – – 90 – 270 
Fine-grained alluvial, deltaic, lacustrine and estuarine 

deposits 

E 
Medium to 

soft soils 
< 180 

>10 m soil 

depth with        

Vs ≤ 150 

< 180 Intertidal and back-barrier swamp deposits 

 

Using the NEHRP seismic site classification system, Collins et al. (2006) assigned the 

Government House site to Class D (Vs,30 = 257 m/s). However, this study involved only a 

single test location in the Adelaide city. The selection of subsoil class D by Collins et al. 

(2006) agrees well with the observation of McCue & Love (1997), who identified a 

fundamental site period for much of the Adelaide city of 1 s. Furthermore, subsoil class D 

was also suggested by McBean (2010). It is well accepted that the subsurface profile of 

Adelaide is highly variable (Selby & Lindsay, 1982; Jaksa, 1995) and this study seeks to 

recognize this by providing higher resolution of Adelaide’s seismic site classification, as 

shown in Table 5.7. 

Further analysis is undertaken by calculating the mean upper 30, 20 and 10 m shear wave 

velocities, Vs30, Vs20 and Vs10 respectively, at all locations. These shear wave velocities are 

used to estimate the seismic site classes and site amplification using a number of 

approaches, as shown earlier in Table 5.7. A further relationship between the seismic site 

classification based on Vs30, Vs20 and Vs10, and site amplification factor is examined for the 

study site. The values of Vs20 and Vs10 are calculated, in addition to Vs,30 and the site 

periods, because of the difficulty in estimating the seismic site classes for MAMs #01, 

#02, #03, #04, #05 and #06. Zaineh et al. (2012) observed a similar challenge with 
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adopting Vs,30 for seismic assessment. The authors conducted a study in Damascus, Syria 

and found that using Vs,10 provided better agreement with the average amplification than 

using Vs,30. Similarly, implementing Vs,20 and Vs,10, in conjunction with all seismic 

classification systems is undertaken and the results are summarized in Table 5.7. As 

shown, the uppermost 20 m and 10 m shear wave velocities are estimated in the ranges 

between 73 and 163 m/s for Vs,20 and 50 to 203 m/s for Vs,10. In the NEHRP classification 

system, the use of Vs,20 and Vs,10 produce inconclusive results to support the Vs,30 results. 

In the AS 1170.4–2007, the results suggest subsoil class D for both MAM#04 and 

MAM#05, with the remainder falling into subsoil class E. The introduction of site periods 

into the classification system plays an important role in distinguishing between these 

classes. Finally, in McPherson & Hall (2007) classification system, the adopted sub-

surface description suggests a subsoil class D for all investigated sites. 

 

 

Figure 5.13 Average amplification factors plotted against frequency for each array. 
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Table 5.7 Seismic site classification for all MAM locations and site impedance contrast 

category. 

Array name and 

location 

Shear wave velocity 
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MAM#01 

(Barton Tce W) 
227 160 61 0.98 D; E; E D; D; D D; D; D 5.6 H 

MAM#02 

(Lefevre Tce) 
177 115 86 0.83 D/E; E; E D; D; D D; D; D 4.3 H 

MAM#03 

(Finniss St) 
224 140 84 0.96 D; E; E D; D; D D; D; D 8.3 H 

MAM#04 

(Frome Rd/ War 

Mem. Dr) 

180 163 203 1.02 D/E; E; D D; D; D D; D; D 6.8 H 

MAM#05 

(West Tce/ Port 

Rd) 

215 135 157 0.92 D; E; E D; D; D D; D; D 1.6 L 

MAM#06 

(Bartels Rd) 
189 73 50 1.27 D; E; E D; D; D D; D; D 2.3 L 

MAM#07 

(South Tce/ West 

Tce) 

222 112 149 1.39 D; E; E D; D; D D; D; D 1.7 L 

MAM#08 

(Hutt Rd/ South 

Tce) 

131 102 50 1.25 E; E; E D; D; D D; D; D 1.7 L 

*: Site fundamental period is based on the average calculated site periods using all models. 

**: L = low impedance contrast; H = high impedance contrast, based on SESAME (2004), where impedance 

contrast is > 4–5. 

 

5.5.5 Site amplification 

Site amplification factors are estimated to understand better the seismic motion behavior 

in the study area, by means of the method proposed by Herak (2008). The site 

amplification factor defines the ratio of the ground motion at the surface to that at the 

bedrock level. The compression wave, shear wave and density models obtained in the 

present study are used to quantify the amplification factor. The quality factors, Qp and Qs, 
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are estimated using the methods suggested by Zhang & Stewart (2007) and Olsen et al. 

(2003), respectively. These quality factor estimations are deduced from the compression 

and shear waves in each layer. The calculated site amplification factors, Amp-HVSR, are 

presented in Figure 5.13. As can be seen, in general, a site amplification of approximately 

3 is obtained for the study area. Averaging the amplification factor over a range of 

frequencies, from 0.4 to 2 Hz at each site, suggests that it varies between 2.2 and 3.9. 

By using the identical subsurface models, dynamic amplification factors (DAFs) are also 

evaluated for all array sites, also using the method proposed by Herak (2008). In contrast 

to the evaluation of Amp-HVSR, DAF uses parameters associated with the most likely 

seismic event. In the present study, an earthquake of magnitude 7, with an epicenter 

lateral distance of 30 km and a focal depth of 10 km is adopted, as suggested by Malpas 

(1991). The results are presented in Table 5.8 and, in general, it is observed that DAF is 

slightly larger than Amp-HVSR, with DAF varying between 2.2 and 4.8. 

As stated by Herak (2008) the amplification factors of both Amp-HVSR and DAF do not 

account for the non-linear behavior of the subsurface material, hence, one should be 

cautious when adopting these estimates in practice. A non–linear site response analysis 

would assist in this regard; however, is beyond the scope of the present study. 

 

Table 5.8 Average amplification factor using HVSR analysis (Amp-HVSR) and dynamic 

amplification factor (DAF). 

Array name and location 
Vs,30  

(m/s) 

Site 

fundamental 

periods* 

Amp-

HVSR** 
DAF 

MAM#01 (Barton Tce W) 227 0.98 3.9 4.3 

MAM#02 (Lefevre Tce) 177 0.83 3.5 4.1 

MAM#03 (Finniss St) 224 0.96 3.5 4.3 

MAM#04 (Frome Rd/ War Mem. Dr) 180 1.02 2.3 2.6 

MAM#05 (West Tce/ Port Rd) 215 0.92 2.8 2.6 

MAM#06 (Bartels Rd) 189 1.27 3.3 4.8 

MAM#07 (South Tce/ West Tce) 222 1.39 2.2 2.2 

MAM#08 (Hutt Rd/ South Tce) 131 1.25 2.5 4.7 

*: Site fundamental period is based on the mean of the calculated approaches. 
**: Amp-HVSR is the average amplification factor for 0.4–2 Hz. 
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5.5.6 Average shear wave velocities Vs,30, Vs,20, Vs,10 and site amplification 

relationships  

The relationship between the amplification factors and the shear wave velocities of Vs,30, 

Vs,20 and Vs,10 are examined. The relationships for both the average amplification factor, at 

frequencies between 0.4 and 2 Hz, using the HVSR method (Amp-HVSR) and the 

dynamic amplification factor (DAF) for all array sites, as shown in Table 5.8, are 

presented in Figure 5.14. The correlation between Amp-HVSR and the amplification 

factor of the site is unclear; however, the correlations with respect to DAF suggest that an 

increase in the shear wave velocity at the top of the subsurface profile reduces the 

amplification factor of the site. Furthermore, each of the relationships between Vs,30, Vs,20, 

Vs,10 and the amplification factors (DAF) are presented in Figures 5.14(b), 5.14(d) and 

5.14(f), respectively. The results clearly show a slightly higher slope for the relationships 

between the average shear wave velocities of Vs,10 and DAF than those for the others. As 

suggested above, the average amplifications with respect to Vs,10 and DAF indicate, from 

the regression line, slightly higher values than those associated with Vs,30 and Vs,20 and 

DAF. Furthermore, as indicated by the values of the coefficient of determination (R2), 

superior correlation is obtained for the relationship between the amplification factor and 

Vs,10 than for Vs,30 and Vs,20. 

5.5.7 Validation of HVSR site fundamental frequency and SPAC shear wave 

velocity profile  

This section seeks to validate the site fundamental frequency and the shear wave velocity 

results using previous site effect studies and forward computational modeling. 

Validation using the previous site effect studies in Adelaide region  

In 1996, a seismic hazard and microzonation study was undertaken of the Adelaide 

metropolitan area by Love (1996) using site response analysis and single microtremor 

measurement. Of particular note were the results of a profile developed for the Adelaide 

central business district. In terms of site-specific peak ground accelerations (PGAs), the 

average calculated PGA for this site was found to be 0.4 g and an acceleration response 

spectra of approximately 1.0 g, with a period between 0.2 and 0.3 s and 5% damping. 

This study also predicted an average ratio of the surface-to-bedrock acceleration response 

spectra of approximately 2.3. This prediction is in good agreement with the estimation for 
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seismic site class D (AS 1170.4-2007) in the present study, which is as high as 2.8. 

However, the Love (1996) prediction is slightly lower than that estimated for subsoil class 

E in the present study, which is as high as 3.9. This discrepancy is likely due to 

differences in the analysis method and input data. The amplification in this study is 

deduced using forward modeling and specific seismic input, as shown above, whereas 

Love (1996) used site response analysis and scaling the seismic input motions to 0.1 g. In 

addition, the differences may reflect the complexity of quantifying seismic site 

amplification, which involves both the analysis method and the input data. 

McCue & Love (1997) also indicated that amplification will occur at frequencies of 1 Hz 

at most of the sites in the Adelaide city. Generally, a fundamental frequency of 1 Hz is 

also suggested by the field microtremor results obtained in the present study. In 

particular, the field measurements indicate that the north of the city is associated with 

amplification in the frequency range of 1.0 to 1.2 Hz, whereas south of the city exhibits a 

range between 0.7 and 1.1 Hz. This larger variability in the south is due to the increasing 

thickness of soil overlying bedrock in this area. Forward modeling calculation in the 

present study suggests the fundamental frequency is approximately 1.0 Hz for most of the 

sites. The results of the forward modeling estimations indicate that the dominant 

frequencies in Adelaide are in good agreement with those proposed by previous 

researchers (Table 5.5). Most of the sites located in the north of Adelaide exhibit 

predominant frequencies of about 1.0 Hz. In the south of Adelaide, the predominant 

frequency varies between 0.6 and 1.1 Hz. 

More recently, Leonard (2015) [Personal communication] conducted shear wave velocity 

mapping across the major cities in Australia. Preliminary results from this study 

(Leonard, 2015) suggested Vs,30 varies between 315 to 460 m/s for most of the sites in 

Adelaide. This study also suggested Vs,30 = 225 to 315 m/s for the area along the River 

Torrens. The estimate for Vs,30 in the present study of between 131 and 227 m/s is very 

much lower than the value proposed by Leonard (2015). This discrepancy may be 

attributed to the different resolution adopted by Leonard (2015). The present study covers 

only the city of Adelaide, whereas Leonard (2015) included the entire Adelaide 

metropolitan and the surrounding areas (Setiawan et al., 2018b). As a result, a low 

resolution study tends to be unable to capture some minor, local variations. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5.14 Relationships between amplification factor and shear wave velocity for all array 

sites: (a) Amp-HVSR for Vs,30; (b) DAF for Vs,30; (c) Amp-HVSR for Vs,20; (d) DAF for Vs,20; 

(e) Amp-HVSR for Vs,10; and (f) DAF for Vs,10. 

Validation using single HVSR analysis of the array data  

The spectral ratios between the horizontal and vertical components of the observed 

microtremor array data (referred to here as the ‘observed HVSR’) are compared with the 

computed ellipticity of the fundamental mode Rayleigh waves for the inverted 1D soil 

profiles. This comparison is undertaken to assess the appropriateness of the inversion. 
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Forward modeling, as proposed by Geopsy (2018), is employed to compute the ellipticity 

of the fundamental mode Rayleigh waves of the MAM sites, referred to here as the 

‘calculated HVSR.’ The compression wave (Vp), shear wave (Vs), density () and 

thickness parameters used in the forward modelling were based on the mean of best 20 

inverted profiles. The estimated quality factors of Qp and Qs were based on the Zhang & 

Stewart (2007) and Olsen et al. (2003) approaches, respectively. The comparison of the 

complete mean, measured and calculated HVSR curves are presented in Figures 5.15 and 

5.16 in the form of logarithmic plots. In general, it can be concluded that the measured 

and calculated HVSR curves at all sites exhibit comparable results. 

  

(a) (b) 

  

(c) (d) 

Figure 5.15 Comparison between the mean of observed and calculated HVSRs using 

Geopsy (2018) approach at: (a) MAM#01, (b) MAM#02, (c) MAM#03, and (d) MAM#04. 
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(a) (b) 

  

(c) (d) 

Figure 5.16 Comparison between the mean of observed and calculated HVSRs using Geopsy 

(2018) approach at: (a) MAM#05, (b) MAM#06, (c) MAM#07, and (d) MAM#08. 

Validation using actual soil profile at the measured sites 

An examination of the shear wave profiles, as shown in Figures 5.9 to 5.12, based on the 

actual soil profile at the measured sites, is carried out using conventional soil 

investigation data. Selby & Lindsay (1962) compiled at least 58 standard penetration test 

(SPT) data at various depths within the Hindmarsh CLAY from which the shear wave 

velocity of this layer was deduced using the approaches given by Dikman (2009) and 

Tsiambaos & Sabatakakis (2010). The Hindmarsh CLAY layer is indicated as the second 

layer at MAM#1, MAM#5, MAM#6, MAM#7, and MAM#8, as shown in Figures 5.17 to 

5.19. This validation suggests that the shear wave velocity profiles for the Hindmarsh 

CLAY using the SPAC model provide better estimates than the shear wave velocity using 

the Adjustment model (Adj. Model) of Herak (2008). 
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(a) 

 

(b) 

Figure 5.17 Examination of the shear wave profile based on the actual soil profile at                     

(a) MAM#1, and (b) MAM#5 

 

 

(a) 

 

(b) 

Figure 5.18 Examination of the shear wave profile based on the actual soil profile at                      

(a) MAM#6, and (b) MAM#7 
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Figure 5.19 Examination of the shear wave profile based on the actual soil profile at MAM#8 

5.6 CONCLUSIONS  

In the general framework of seismic hazard analysis for quantifying site amplification in a 

highly seismic risk region, the information regarding the shear wave velocity profile is 

crucial. In low-to-moderate seismic regions and urban areas, where recorded strong-

motion historical seismic events are usually quite sparse, array ambient noise analysis is 

particularly suitable for estimating shear wave velocity profiles, due to its non-invasive 

nature and its relatively low-cost. To date, several studies have been carried out to 

facilitate seismic hazard analysis using this technique. The primary objective of the 

present study is to investigate the accuracy of shear wave velocity profiles obtained by 

means of array ambient noise analysis SPAC method at various impedance contrast sites. 

A case study is examined, involving the city of the Adelaide, South Australia, which 

exhibits the highest earthquake risk of any capital city in Australia. The city is founded on 

a regolith which generally exhibits low-to-high impedance contrast. Eight array ambient 

noise measurements were recorded at a range of locations across the city. The acquired 

data were used to invert the shear wave velocity profiles through analysis of the 

dispersion characteristics of the surface waves. Eight 1D shear wave velocity profiles 

were subsequently developed. The results were compared and validated against previous 
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site effect studies and forward modeling of the 1D shear wave profile techniques, and the 

results of the present study are in good agreement with the previous research 

investigations. Furthermore, relatively low variability and consistent dispersion curves are 

produced in the measured frequency band. Consistent shear wave velocities are also 

obtained between depths of 20 to 90 m, despite moderate to high variations at shallower 

and greater depths (Setiawan et al., 2016). Consequently, adjusting the radius of the array 

to capture higher frequencies in order to resolve the shallow layers, presents an 

opportunity for future study. Another possibility to quantify the near surface shear wave 

velocity profile in detail is to adopt a combination of active and passive sources (Boore & 

Asten, 2008). On the basis of these results, the present study demonstrates the 

applicability of the array SPAC method at a regolith site, which is subject to various (low-

high) impedance contrast. 
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Chapter Six 

SUMMARY AND CONCLUSIONS 

 

6.1 SUMMARY  

This study has investigated the quantification of seismic site amplification at regolith 

sites in Adelaide, South Australia. The study applied single and array ambient noise 

analyses to quantify the amplification. The study involved a huddle test of all the 

deployed equipment sets, for more than two continuous days. This established the 

repeatability of all the deployed seismometers, the temporal variability at the study site, 

and the appropriate duration of the ambient noise measurement. Following this, in situ 

ambient noise measurements were carried out across the city of Adelaide in order to 

explore the relevance of this approach. The study examined 10 locations: Five to the 

north and five to the south of the city. In both the northern and southern locations, four 

sites were measured using array sets of equipment while one site in each region was 

measured using a single device. Detailed summaries of the main chapters are given 

below. 

Chapter 2 presented an investigation of three historical seismic events that have damaged 

the Old Exchange Building which was graced by the Britannia statue on top of the 

building in Pirie St, Adelaide. The statue lost her arm during the 1897 Beachport 

earthquake, bowed her helmeted head in the 1902 Warooka seismic event, and was 

removed after the 1954 Adelaide earthquake (Dyster, 1992). Synthetic ground motion 

time histories of these past three seismic events (1897 Beachport, 1902 Warooka and 

1954 Adelaide) were generated using EXSIM and validated using seismic time histories 

of the 1997 Burra earthquake. Representative 1D soil profiles were developed from the 

borehole data and validated using the forward modelling method. The chapter also 

presented a site response analysis that was carried out at the Old Exchange Building site.  

The main outcomes of the site-specific ground response analysis were as follows: 
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• The analysis based on Model A, as presented in pages 23 to 25, showed that the 

investigated site PGA varies from 0.01 to 0.3g, with fundamental frequency of 0.8 Hz. 

Spectral accelerations with a 5% ratio of critical damping vary between 0.06 and 

0.92g. The spectral displacement ranged from 0.6 to 2.7 cm. 

• The analysis based on the Model B data, as shown in pages 23 to 25, revealed that the 

maximum acceleration at the ground surface level varies from 0.02 to 0.32g, with 

fundamental frequency of 0.8 Hz. Spectral acceleration is estimated to vary between 

0.05 and 0.96g by assuming a 5% damping ratio. The spectral displacement ranged 

from 0.6 to 1.2 cm. 

• A significant site amplification factor of up to 3.4, which is likely to have caused the 

observed damage to the Britannia statue.  

Chapter 3 presented a case study involving the measurement of ambient noise in the 

central business district of Adelaide, South Australia, which is founded on a regolith. The 

case study incorporated 10 in situ ambient noise measurements carried out across the city. 

These measurements were used to estimate the site predominant period, and to infer the 

site shear wave profile, of the area. The chapter used seismic site classification to quantify 

site effects associated with seismic hazards. 

The key findings of this study, presented in Chapter 3, were as follows: 

• The predominant fundamental period for the city of Adelaide is 0.8 seconds or higher, 

which suggests sub-soil class D according to the Australian Standard. 

•  The upper 30 m shear wave velocities of Adelaide’s regolith varies from 194 m/s to 

418 m/s, which are related to classes D to C (NEHRP classification system), classes D 

to B (Australian Standard classification system) and classes D/DE to C (regolith case 

classification system). 

• A comparison between the results of this study with several previous seismic site 

classification studies are in good agreement. The chapter demonstrated a promising 

application of HVSR analysis for seismic assessment of regolith sites.  

Chapter 4 estimated the bedrock depth in the city of Adelaide. The depth of the bedrock 

has been shown to play an important role in altering seismic waves (Graves et al., 1998; 
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Bakir et al., 2002; Narayan & Rao, 2003; Narayan, 2005). Both the generic function (GF) 

of the classic horizontal-to-vertical spectral ratio (HVSR) method, and the spatial 

autocorrelation (SPAC), techniques were used to analyse the ambient noise data. The 

chapter compared bedrock depth predictions from the seismic methods of this study with 

boreholes drilled in close proximity to the measured sites. The comparison demonstrated 

that the SPAC method provides superior estimates to those of the GF method. 

Chapter 5 demonstrated that, in the general framework of seismic hazard analysis for 

quantifying seismic site amplification, knowledge of the near-surface shear wave velocity 

profile is crucial. An investigation was carried out to examine the robustness of shear 

wave velocity profiles by means of array ambient noise analysis at regolith sites. Eight 

array ambient noise measurements were carried out across the city of Adelaide. The 

acquired data were used to invert the shear wave velocity profiles, which, prior to the 

present study were very limited, through the analysis of the dispersion characteristics of 

the surface waves. This was completed using the spatial autocorrelation (SPAC) method. 

New constraints, by means of the shear wave velocity for the study case site of all 8 

investigated sites, were developed and proposed in this chapter. Following this, a rigorous 

validation of the proposed shear wave velocity models was carried out by means of 

previous studies data and forward modelling techniques. Finally, the applicability of the 

array SPAC method at regolith sites, subjected to various (low to high) impedance 

contrasts, was established. 

6.2 LIMITATIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

Due the limited availability of instruments, this study was limited to the ambient noise 

analysis of 10 sites. While the results of this study have made important contributions to 

the state of knowledge of seismic hazard assessment in Adelaide and more broadly, they 

are applicable to limited locations, such as the Adelaide CBD and sites with similar 

impedance contrast characteristics. More representative results for the entire Adelaide 

metropolitan area would be obtained by conducting the assessment over a much larger 

area. However, such a study is beyond the scope of this research and would require 

significant equipment and personnel resources and time. 

As discussed in Chapters 3 and 5, the site resonance frequency, f0, is an important 

parameter in seismic site amplification assessment. For the study site, f0 can be 
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deduced from the in-situ noise measurements, and from the forward modelling, as suggested 

in this study. However, this approach may not yield reliable results for a number of 

reasons, including the seismometers used, and the data processing application adopted. 

Thus, further investigation of the value of f0 using different specifications of seismometer 

sets and processes is recommended. 

In order to understand how the amplified seismic waves are likely to affect structures 

founded on Adelaide’s regolith, soil-structure interaction analysis is desirable. The soil-

structure interaction analysis can be undertaken using both the most affected structures in 

Adelaide city during strong seismic events and the most representative geotechnical 

dynamic characteristics of Adelaide’s regolith, as developed in this study.  

Additional suggestions for further work, that may help to improve this study include: (i) 

the use of noise interferometry to measure dispersion at a higher frequency range; (ii) 

perform a joint inversion of the HVSR (or ellipticity curve) and dispersion curves to 

better constrain the Vs profiles down to bedrock; and (iii) obtain in-situ measurements of 

the typical building resonance frequency by using ambient noise methods to validate 

whether the 10/N approximation for the resonance frequency of buildings is suitable for 

typical Australian buildings. 

6.3 CONCLUSIONS 

This study has demonstrated that ambient noise analysis is very useful for the evaluation 

of seismic site amplification at regolith sites, provided that its limitations and range of 

application are recognised and not exceeded. From the analyses presented in this thesis, it 

can be concluded that: 

1) a significant site amplification factor of up to 3.4 in Adelaide’s regolith is justified;   

2) the Adelaide CBD can be classified into the Australian Standard seismic site classes 

D to B; 

3) the SPAC method with a slight adjustment is a reliable tool for estimating bedrock 

depth;  
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4) site resonance frequency, which is important in seismic microzonation, in regolith 

sites is about 1.0 Hz at the north of Adelaide city and between 0.7 to 1.1 Hz at the 

south of Adelaide city; and  

5) shear wave velocity profiles have been developed at all 8 investigated sites which can 

facilitate site response and dynamic soil-structure interaction analyses of any critical 

infrastructure founded on Adelaide’s regolith. 
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

16/06/2015 HOUR: 11:45 AM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 6 & BOX 7

LOCATION #01 DISK#: BOX 3, BOX 6 & BOX 7

POINT# near

BOX 3, BOX 6 & BOX 7 Barton Terrace West

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 16 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

no X yes, type: water pump

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X BOX 7 is about 80 m from Aquatic centre (pump

other station???)

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

-34.902 138.592

FILE NAME:

GAIN:

no
ne

fe
w

m
od

er
at

e

m
an

y

WEATHER 

CONDITIONS

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

~80m

TRANSIENTS

GROUND TYPE

ve
ry

 d
en

se

distance

~80m trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

02/07/2015 HOUR: 13:00 PM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 6 & WOM 3

LOCATION #02 DISK#: BOX 3, BOX 6 & WOM 3

POINT# near

BOX 3, BOX 6 & WOM 3 Lefevre Terrace

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none X weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 17 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X X BOX 3 & WOM 3 are about 3-5 m from tall trees.

other

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.602
fe

w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.906

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

~10m

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~50m

~50m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

18/07/2015 HOUR: 09:10 AM PLACE : Adelaide, South Australia

B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3

LOCATION #03 DISK#: BOX 3

POINT#

BOX 3 Wellington Square

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 10 °C Remarks

earth ( HARD / SOFT ) gravel sand grass ( SHORT / TALL)

X asphalt cement concrete paved other

dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X X

other

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.592

fe
w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.907

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

~5m

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~50m

~50m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

18/06/2015 HOUR: 13:30 PM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 6 & WOM 4

LOCATION #04 DISK#: BOX 3, BOX 6 & WOM 4

POINT# near

BOX 3, BOX 6 & WOM 4 Finnis Street

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none X weak medium strong Measurement (if any):

RAIN X none X weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 16 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X X

other

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.608
fe

w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.909

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~40m

~40m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

01/07/2015 HOUR: 11:00 AM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 6 & BOX 7

LOCATION #05 DISK#: BOX 3, BOX 6 & BOX 7

POINT# near 

BOX 3, BOX 6 & BOX 7 Frome Road/ War Memorial Drive

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 14 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X

other

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.603

fe
w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.914

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~60m

~60m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

30/06/2015 HOUR: 11:00 AM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 5 & BOX 7

LOCATION #06 DISK#: BOX 3, BOX 5 & BOX 7

POINT# near 

BOX 3, BOX 5 & BOX 7 West Terrace/ Port Road

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 16 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X X (description, height, distance)

pedestrians X New RAH Hospical was under construction.

other There was excavator in used during the 

-type of other: measurement.

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.585
fe

w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.923

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~60m

~60m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

08/06/2015 HOUR: 12:45 AM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 6 & BOX 8

LOCATION #07 DISK#: BOX 3, BOX 6 & BOX 8

POINT# near

BOX 3, BOX 6 & BOX 8 Bartels Road

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none X weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 16 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X X Grass cutting vehicle was working around at 

other 1:10 pm and 1:15 pm.

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.616

fe
w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.926

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~50m

~50m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

19/07/2015 HOUR: 07:10 AM PLACE : Adelaide, South Australia

B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3

LOCATION #08 DISK#: BOX 3

POINT#

BOX 3 Victoria Square

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 5 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

no X yes, type: water fountain

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X X There are a water faountain in about 15 m away.

other

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.600
fe

w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.929

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

~10m

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~20m

~20m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

25/06/2015 HOUR: 11:00 AM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 8 & WOM 4

LOCATION #09 DISK#: BOX 3, BOX 8 & WOM 4

POINT# near 

BOX 3, BOX 8 & WOM 4 South Terrave / West Terrace

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none X weak medium strong Measurement (if any):

RAIN X none weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 10 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians

other X

-type of other: Jogger

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.590

fe
w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.938

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

~10m

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~80m

~80m

trees, polls,builings, bridges
underground structures, ...
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PROJECT NAME: Quantyfying the seismic and site amplification characteristics of Adelaide's

regolith

LOCATION: Adelaide, South Australia

15/06/2015 HOUR: 02:00 PM PLACE : Adelaide, South Australia

D. Love & B. Setiawan GPS TYPE and # Digital Satellite GPS

LONGITUDE: ALTITUDE: -

SENSOR TYPE:

TEMPORAL STATION SEISMOMETER LE-3Dlite LENNARTZ

SENSOR#: BOX 3, BOX 5 & Wom 3

LOCATION #10 DISK#: BOX 3, BOX 5 & Wom 3

POINT# near

BOX 3, BOX 5 & Wom 3 Hutt Road / South Terrace

SAMPLE FREQ.: REC. DURATION:

- 100Hz Filltered At least 2 hours

WIND X none weak medium strong Measurement (if any):

RAIN X none X weak medium strong Measurement (if any):

TEMPERATURE (APPROX) 16 °C Remarks

X earth ( HARD / SOFT ) gravel sand X grass ( SHORT / TALL)

asphalt cement concrete paved other

X dry soil wet soil Remarks:

ARTIFICIAL GROUND-SENSOR COUPLING X no yes, type:

BUILDING DENSITY X none scattered dense other, type: Park Land

MONOCROMATIC NOISE SOURCES

(factories, works, pumps, rivers,…)

X no yes, type:

cars X NEARBY STRUCTURES

trucks X (description, height, distance)

pedestrians X

other

-type of other:

OBSERVATIONS: FREQUENCY: - Hz

(if computed in the field)

138.612
fe

w

DATE :

OPERATOR :

LATITUDE:

STATION TYPE:

STATION#:

FILE NAME:

-34.936

GAIN:

WEATHER 

CONDITIONS

GROUND TYPE

TRANSIENTS

no
ne

m
od

er
at

e

m
an

y

ve
ry

 d
en

se

distance

~30m

~30m

trees, polls,builings, bridges
underground structures, ...
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Appendix F: 

INDUSTRIAL ORIGIN DETECTION RESULTS  
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Estimated 

damping 

Up-Down 15% 
Estimated 

damping 

Up-Down 16% 

North-

South 

11% North-

South 

14% 

East-West 11% East-West 11% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 17% 
Estimated 

damping 

Up-Down 15% 

North-

South 

26% North-

South 

13% 

East-West 11% East-West 11% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #01 
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Estimated 

damping 

Up-Down 0.97% 
Estimated 

damping 

Up-Down 26% 

North-

South 

15% North-

South 

14% 

East-West 12% East-West 12% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 18% 
Estimated 

damping 

Up-Down 10% 

North-

South 

15% North-

South 

14% 

East-West 16% East-West 12% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #02 
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Estimated 

damping 

Up-Down 14% 
Estimated 

damping 

Up-Down 14% 

North-

South 

0.42% North-

South 

0.88% 

East-West 14% East-West 12% 

Sustained frequency? Yes for North-South data 

only. 

Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 13% 
Estimated 

damping 

Up-Down 12% 

North-

South 

16% North-

South 

12% 

East-West 12% East-West 12% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #03 
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Estimated 

damping 

Up-Down 4% 
Estimated 

damping 

Up-Down 7% 

North-

South 

9% North-

South 

14% 

East-West 6% East-West 13% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 7% 
Estimated 

damping 

Up-Down 5% 

North-

South 

10% North-

South 

8% 

East-West 13% East-West 12% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #04 
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Estimated 

damping 

Up-Down 4% 
Estimated 

damping 

Up-Down 4% 

North-

South 

10% North-

South 

8% 

East-West 14% East-West 7% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 3% 
Estimated 

damping 

Up-Down 4% 

North-

South 

8% North-

South 

9% 

East-West 12% East-West 11% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #05 
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Estimated 

damping 

Up-Down 16% 
Estimated 

damping 

Up-Down 14% 

North-

South 

12% North-

South 

12% 

East-West 13% East-West 12% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 15% 
Estimated 

damping 

Up-Down 13% 

North-

South 

10% North-

South 

11% 

East-West 11% East-West 12% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #06 
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Estimated 

damping 

Up-Down 3% 
Estimated 

damping 

Up-Down 0.90% 

North-

South 

9% North-

South 

12% 

East-West 10% East-West 10% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 0.82% 
Estimated 

damping 

Up-Down 0.82% 

North-

South 

10% North-

South 

8% 

East-West 10% East-West 13% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #07 
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Estimated 

damping 

Up-Down 22% 
Estimated 

damping 

Up-Down 7% 

North-

South 

12% North-

South 

17% 

East-West 12% East-West 16% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 8% 
Estimated 

damping 

Up-Down 12% 

North-

South 

20% North-

South 

20% 

East-West 20% East-West 14% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #08 
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Estimated 

damping 

Up-Down 29% 
Estimated 

damping 

Up-Down 19% 

North-

South 

20% North-

South 

20% 

East-West 22% East-West 21% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 27% 
Estimated 

damping 

Up-Down 12% 

North-

South 

17% North-

South 

21% 

East-West 22% East-West 22% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #09 
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Estimated 

damping 

Up-Down 3% 
Estimated 

damping 

Up-Down 3% 

North-

South 

9% North-

South 

9% 

East-West 7% East-West 5% 

Sustained frequency? No Sustained frequency? No 

Test#a Test#b 

  

Estimated 

damping 

Up-Down 3% 
Estimated 

damping 

Up-Down 3% 

North-

South 

9% North-

South 

7% 

East-West 4% East-West 7% 

Sustained frequency? No Sustained frequency? No 

Test#c Test#d 

Industrial origin detection at Location #10 
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Appendix G: 

HVSR ANALYSIS CURVES 
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Fundamental frequency 

(Hz) 

0.970 Fundamental frequency 

(Hz) 

0.979 

Location #01 Instrument #A Test a Location #01 Instrument #A Test b 

  

Fundamental frequency (Hz) 0.939 Fundamental frequency 

(Hz) 

0.939 

Location #01 Instrument #A Test c Location #01 Instrument #A Test d 

  

Fundamental frequency (Hz) 0.979 Fundamental frequency 

(Hz) 

0.979??? 

Location #01 Instrument #A Test e Location #01 Instrument #B Test a 
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Fundamental frequency (Hz) 0.939 Fundamental frequency 

(Hz) 

0.939??? 

Location #01 Instrument #B Test b Location #01 Instrument #B Test c 

  

Fundamental frequency (Hz) 0.939 Fundamental frequency 

(Hz) 

0.901??? 

Location #01 Instrument #B Test d Location #01 Instrument #B Test e 

  

Fundamental frequency (Hz) 0.979 Fundamental frequency 

(Hz) 

0.979 

Location #01 Instrument #C Test a Location #01 Instrument #C Test b 
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Fundamental frequency (Hz) 0.979 Fundamental frequency 

(Hz) 

0.979 

Location #01 Instrument #C Test c Location #01 Instrument #C Test d 

  

Fundamental frequency (Hz) 0.979 Fundamental frequency 

(Hz) 

1.307 

Location #01 Instrument #C Test e Location #02 Instrument #A Test a 

  

Fundamental frequency (Hz) 1.204 Fundamental frequency 

(Hz) 

1.307 

Location #02 Instrument #A Test b Location #02 Instrument #A Test c 
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Fundamental frequency (Hz) 1.254 Fundamental frequency 

(Hz) 

1.254 

Location #02 Instrument #A Test d Location #02 Instrument #A Test e 
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(Hz) 
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Location #02 Instrument #B Test a Location #02 Instrument #B Test b 
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Location #02 Instrument #B Test c Location #02 Instrument #B Test d 
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Location #02 Instrument #B Test e Location #02 Instrument #C Test a 
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(Hz) 

1.254 

Location #02 Instrument #C Test b Location #02 Instrument #C Test c 

  

Fundamental frequency (Hz) 1.204 Fundamental frequency 

(Hz) 

1.063 

Location #02 Instrument #C Test d Location #03 Instrument #A Test a 
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Fundamental frequency (Hz) 1.020 Fundamental frequency 

(Hz) 
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Location #04 Instrument #A Test d Location #04 Instrument #B Test a 
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Location #04 Instrument #B Test b Location #04 Instrument #B Test c 
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Location #04 Instrument #C Test a Location #04 Instrument #C Test b 
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(Hz) 

1.020??? 

Location #05 Instrument #A Test c Location #05 Instrument #A Test d 

  

Fundamental frequency (Hz) 0.703??? Fundamental frequency 

(Hz) 

0.675??? 

Location #05 Instrument #A Test e Location #05 Instrument #A Test f 
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Location #05 Instrument #B Test a Location #05 Instrument #B Test b 
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Location #09 Instrument #B Test d Location #09 Instrument #C Test a 

  

Fundamental frequency (Hz) 0.733 Fundamental frequency 

(Hz) 

0.733 
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(2018). PASSIVE NOISE DATASETS AT REGOLITH SITES. 
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Locations #01 to #05: 

Location 

(Mean 

f0) 

Instrument 

(mean f0) 
Test f0 

Amplitude 

at f0 

Reliability criteria 

test  

(SESAME, 2004) 

HVSR  peak clear 

criteria test 

(SESAME, 2004) 

Average 

Vs of 

the 

upper 

layer 

(m/s) 

Estimated 

bedrock 

depth (m) 

i ii iii  

#01 

#A 

a 1.01 6.81 Pass Pass Pass Clear Peak 406 100 

b 0.98 7.41 Pass Pass Pass Clear Peak 406 103 

c 1.04 6.67 Pass Pass Pass Unclear peak   

d 1.03 6.36 Pass Pass Pass Unclear peak   

(1.02 Hz) e 1.04 6.24 Pass Pass Pass Unclear peak   

#B 

a 0.95 5.46 Pass Pass Fail Unclear peak   

b 0.91 5.96 Pass Pass Pass Clear Peak 406 111 

c 0.99 5.30 Pass Pass Fail Unclear peak   

d 0.98 5.46 Pass Pass Pass Clear Peak 406 103 

(0.95 Hz) e 0.90 5.45 Pass Pass Fail Unclear peak   

#C 

a 1.02 8.69 Pass Pass Pass Clear Peak 406 99 

b 1.07 8.00 Pass Pass Pass Unclear peak   

c 1.07 7.39 Pass Pass Fail Unclear peak   

d 1.05 7.85 Pass Pass Pass Unclear Peak   

(1.01) 

Hz) 

(1.05 Hz) e 1.04 8.88 Pass Pass Pass Unclear Peak   

#02 

#A 

a 1.19 8.58 Pass Pass Pass Unclear Peak   

b 1.22 9.53 Pass Pass Pass Clear Peak 422 86 

c 1.22 9.43 Pass Pass Pass Unclear Peak   

d 1.18 10.28 Pass Pass Pass Unclear Peak   

(1.20 Hz) e 1.19 9.91 Pass Pass Pass Unclear Peak   

#B 

a 1.33 6.00 Pass Pass Pass Clear Peak 422 79 

b 1.12 7.05 Pass Pass Pass Clear Peak 422 94 

c 1.25 7.92 Pass Pass Pass Clear Peak 422 84 

d 1.20 6.96 Pass Pass Pass Clear Peak 422 88 

(1.23 Hz) e 1.25 6.53 Pass Pass Pass Unclear Peak   

#C 
a 1.19 8.89 Pass Pass Pass Unclear Peak   

b 1.12 9.14 Pass Pass Pass Clear Peak 422 94 

c 1.18 9.25 Pass Pass Pass Clear Peak 422 90 

(1.20) 

Hz) 

(1.16 Hz) d 1.15 9.87 Pass Pass Pass Clear Peak 422 91 

#03 #A 

a 1.11 7.80 Pass Pass Pass Clear peak 304 68 

b 1.08 8.87 Pass Pass Pass Unclear Peak   

c 1.09 8.88 Pass Pass Pass Unclear peak   

(1.07) 

Hz) 

(1.07 Hz) d 1.06 9.40 Pass Pass Pass Unclear Peak   

#04 

#A 
a 0.99 12.24 Pass Pass Fail Unclear peak   

b 1.00 11.92 Pass Pass Pass Clear Peak 339 84 

c 1.01 12.52 Pass Pass Fail Unclear peak   

(0.99 Hz) d 0.97 11.28 Pass Pass Pass Clear Peak 339 87 

#B 

a 1.02 8.82 Pass Pass Pass Clear Peak 339 83 

b 1.05 8.55 Pass Pass Pass Clear Peak 339 81 

c 1.06 8.41 Pass Pass Pass Clear Peak 339 80 

d 1.06 9.13 Pass Pass Pass Clear Peak 339 80 

(1.04 Hz) e 1.01 9.09 Pass Pass Pass Clear Peak 339 84 

#C 

a 1.04 16.68 Pass Pass Pass Clear Peak 339 82 

b 1.08 16.83 Pass Pass Pass Clear Peak 339 79 

c 1.07 16.41 Pass Pass Pass Clear Peak 339 79 

(1.04) 

Hz) 

(1.06 Hz) d 1.05 15.92 Pass Pass Pass Clear Peak 339 80 

#05 

#A 

a 0.31 16.51 Pass Pass Fail Unclear peak   

b 0.31 13.99 Pass Pass Fail Unclear peak   

c 0.43 10.59 Pass Pass Fail Unclear peak   

d 0.31 11.62 Pass Pass Fail Unclear peak   

e 0.32 12.64 Pass Pass Fail Unclear peak   

(-) f 0.32 13.05 Pass Pass Fail Unclear peak   

#B 

a 1.02 13.49 Pass Pass Pass Clear Peak 268 66 

b 1.00 15.40 Pass Pass Pass Clear Peak 268 67 

c 0.99 14.75 Pass Pass Pass Clear Peak 268 68 

d 0.99 15.02 Pass Pass Pass Clear Peak 268 68 

(1.00 Hz) e 1.00 14.73 Pass Pass Pass Clear Peak 268 67 

#C 

a 0.96 12.30 Pass Pass Pass Clear Peak 268 70 

b 0.99 12.74 Pass Pass Pass Clear Peak 268 68 

c 0.96 13.03 Pass Pass Pass Clear Peak 268 70 

d 0.96 12.72 Pass Pass Pass Clear Peak 268 70 

(0.98) 

Hz) 

(0.97 Hz) e 0.96 12.83 Pass Pass Pass Clear Peak 268 70 
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Locations #06 to #10: 

Location 

(Mean 

f0) 

Instrument 

(mean f0) 
Test f0 

Amplitude 

at f0 

Reliability criteria 

test  

(SESAME, 2004) 

HVSR  peak clear 

criteria test 

(SESAME, 2004) 

Average 

Vs of the 

upper 

layer 

(m/s) 

Estimated 

bedrock 

depth (m) 

GF i ii iii 

#06 

#A 

a 0.49 14.61 Pass Pass Fail Unclear peak   

b 0.52 15.15 Pass Pass Fail Unclear peak   

c 0.44 13.19 Pass Pass Fail Unclear peak   

d 0.50 13.91 Pass Pass Fail Unclear peak   

(-) e 0.47 10.88 Pass Pass Fail Unclear peak   

#B 

a 1.10 5.46 Pass Pass Pass Clear Peak 385 88 

b 1.09 5.69 Pass Pass Pass Clear Peak 385 88 

c 1.10 5.83 Pass Pass Pass Clear Peak 385 88 

d 1.10 5.89 Pass Pass Pass Clear Peak 385 87 

(1.11 Hz) e 1.14 5.39 Pass Pass Pass Clear Peak 385 84 

#C 

a 1.05 5.88 Pass Pass Pass Unclear peak   

b 1.11 6.01 Pass Pass Pass Clear Peak 385 87 

c 1.08 6.25 Pass Pass Pass Unclear Peak   

(1.10) (1.09 Hz) d 1.07 6.08 Pass Pass Pass Unclear Peak   

#07 

#A 

a 0.82 9.92 Pass Pass Pass Clear Peak 311 95 

b 0.81 10.09 Pass Pass Pass Clear Peak 311 96 

c 0.81 10.88 Pass Pass Pass Clear Peak 311 96 

d 0.80 9.93 Pass Pass Pass Clear Peak 311 97 

(0.81 Hz) e 0.82 10.18 Pass Pass Pass Clear Peak 311 95 

#B 

a 0.80 11.54 Pass Pass Pass Clear Peak 311 97 

b 0.80 10.61 Pass Pass Pass Clear Peak 311 97 

c 0.80 11.23 Pass Pass Pass Clear Peak 311 98 

(0.80 Hz) d 0.79 9.80 Pass Pass Pass Clear Peak 311 98 

#C 

a 0.77 10.14 Pass Pass Pass Clear Peak 311 101 

b 0.74 12.10 Pass Pass Pass Clear Peak 311 104 

c 0.75 11.04 Pass Pass Pass Clear Peak 311 104 

(0.79) 

Hz) 

(0.75 Hz) d 0.71 10.86 Pass Pass Fail Unclear peak   

#08 #A 

a 0.84 8.45 Pass Pass Pass Clear Peak 403 120 

b 0.84 12.18 Pass Pass Pass Clear Peak 403 121 

c 0.84 11.99 Pass Pass Pass Clear Peak 403 121 

d 0.83 12.56 Pass Pass Pass Clear Peak 403 122 

(0.83) 

Hz) 

(0.83 Hz) e 0.84 11.68 Pass Pass Pass Clear Peak 403 120 

#09 

#A 

a 0.64 12.72 Pass Pass Fail Unclear peak   

b 0.66 11.51 Pass Pass Fail Unclear peak   

c 0.65 13.10 Pass Pass Pass Clear Peak 451 174 

d 0.65 10.45 Pass Pass Fail Unclear peak   

(0.66 Hz) e 0.67 9.30 Pass Pass Pass Unclear Peak   

#B 

a 0.72 8.62 Pass Pass Pass Clear Peak 451 156 

b 0.72 9.07 Pass Pass Fail Clear Peak 451 156 

c 0.69 7.49 Pass Pass Fail Unclear peak   

(0.73 Hz) d 0.74 8.53 Pass Pass Pass Clear Peak 451 152 

#C 

a 0.74 7.07 Pass Pass Pass Clear Peak 451 152 

b 0.72 8.31 Pass Pass Pass Clear Peak 451 156 

c 0.73 8.18 Pass Pass Pass Clear Peak 451 154 

d 0.76 7.94 Pass Pass Pass Clear Peak 451 149 

(0.72) 

Hz) 

(0.74 Hz) e 0.73 8.06 Pass Pass Pass Clear Peak 451 153 

#10 

#A 

a 0.33 8.25 Pass Pass Fail Unclear peak   

b 0.32 9.73 Pass Pass Fail Unclear peak   

c 0.34 8.74 Pass Pass Fail Unclear peak   

(-) d 0.36 9.46 Pass Pass Fail Unclear peak   

#B 

a 0.32 14.33 Pass Pass Fail Unclear peak   

b 0.35 18.66 Pass Fail Fail Unclear peak   

c 0.35 11.09 Pass Pass Fail Unclear peak   

(-) d 0.33 11.97 Pass Fail Fail Unclear peak   

#C 

a 0.79 6.24 Pass Pass Pass Clear Peak 428 135 

b 0.80 5.86 Pass Pass Pass Clear Peak 428 134 

c 0.81 6.02 Pass Pass Pass Clear Peak 428 132 

(0.80) 

Hz) 

(0.80 Hz) d 0.82 6.89 Pass Pass Pass Clear Peak 428 131 
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