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Abstract

Abstract

Technical difficulties in the redevelopment of brownfield sitgem mainly from the
uncertainties in the shallow subsurface. Often the use of the site has not been adequately
documented. Unmapped buried infrastructure, e.g. concrete or steel tanks, can pose delays to
site remediation works and incur significant, urested costs. Traditionally, in assessing
brownfield sites for redevelopment, intrusive investigations are carried out. Such investigations
are expensive and can only provide information at discrete locationaniosive methods,
including electrical rastivity/conductivity and ground penetrating radar (GRP), have also
been applied to brownfield sites. Their ability in detecting pollution e.g. buried canisters, is
often restricted due to unfavourable-site conditions (clay soils or concrete surfacestay.

Seismic could overcome such challenges but their application for the shallow subsurface
suffers from time consuming surveys, poor signal to noise ratios and high computational and
expert elicitation requirements for processing and interpretatidmecidquired data which is

done later in the office. These are prohibiting factors, often to the expense of the site

investigation efforts.

This thesis explores this research and technology gap by proposing a different methodology
approach for identifying the presence of buried objects of dimensions downto 1 m x 1m x1m
and at depths between 1 and 3 m. The workflow is based on active miioseisordings

and the principle of seismic wave reflection but the analysis and interpredegidifferent to

traditional seismic reflection surveys.

Using numerical simulations in FLA®E, this study investigated the changes in surface seismic
wave amplitude and frequency over distance from the active source, as the seismic wave
interacts with a heterogeneous subsurface and how these changes can be used to map what lies

beneath.

The numerical simulation results revealed higher wave amplitudes at monitoring stations
positioned above or approximately 2 to 4m in lateral distance from the buried objects. Spectral
analysis highlighted concentrated seismic energy at these locatiottisamas quantified by
calculating the area under the Power Spectral Density (PSD) curve. The area above and around
the buried object exhibited consistently the maximum seismic energy while the actual value of
this concentrated energy differed based omtagerial of the object, which for this research

was either (a) concrete, (b) steel or (c) PVC. Results were validated through available historical
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field data and a field experiment specifically designed and executed to verify the numerical

simulations at a chosen site with made soil.

The results in this thesis show that the workflow is simpler, easy to implement, computationally
faster and considerably cheaper than existing geophysical methods for site investigation. The
workflow in this thesis was carried out manually but it can lséyeautomated and can be used

for reaktime preliminary site investigation of brownfield sites to identify areas that require a
more comprehensive assessment, ensuring effective environmental and industrial site

management.
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V" z- velocity of a grid point in the main grid at the side boundar] (m/s)
v x- velocity of grid point inside the free field (m/s)
w y- velocity of grid point inside the free field (m/s)
vff z- velocity of grid point inside the free field (m/s)
= Freefield grid point force (N)
Ol Stresses of the frefeeld zones around the grid point. (N/m?)
Represents the divergence of the sttessor.
Gj Ui (N/m?)
& The wavelength of a seismic wave (m)
y4 Material density (Kg m3)
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List of symbols

¥ Theangular frequency of the wave (rad/s)
Us Applied stress. (N/m?)
Vs Input particle velocity. (m/s)
Vn Component of normal wave velocity (m/s)
Vs Component of shear wave velocity (m/s)
tn Viscous tractions in normal directions (N/m?)
ts Viscoustractions in shear directions (N/m?)
X Input signal vector -

0 Acceleration (m/<)

List of Abbreviation

2D Two dimensional
3D Three dimensional
EM Electromagnetic
FLAC?®P Fast LagrangiaAnalysis of Continua in 3 dimensions
DFT Discrete Fourier Transfer
Ff Free field boundary
F DM Finite difference method
FFT Fast Fourier Transform
GPR Ground penetrating radar
PFC Particle Flow Code
PSD Power Spectral Density
SI International Standard
NFFT Number of points in the FFT
P-wave Primary or pressure wave
S-Wave Secondary wave
S Station name
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Chapter 1 : Introduction

A brownfield area is often defined as land or structures that were formerly developed but are

now unoccupied, decrepit, or underused.

Figure 1.1: Aerial View of a Brownfield Area(https://theconstructor.org/construction/protect
buildingsbrownfield-land/21711/)

This may include unoccupied buildings, abandoned industrial sites, or other regions with the
possibility for regeneratiorfAdams, de Sousa and Tiesdell, 201Bjyownfield sites are
important because their redevelopment offers benefits, including urban revitalization,
sustainable land use, economic growth, environmental improvement, community
enhancement, historic preservation, and the promotion of smart growth prir{@ple3or,

Metcalf and Paich, 2011pteel pipes and concrete structures buried at shallow dejthie

3m) pose significant challenges for development and rehabilitation efforts in brownfield sites.
These concealed objects may harbour subsurface utilities, hazardous substances, or remnants
of past industrial activities, necessitating careful handling and reareg to mitigate risks
effectively (CIRIA, 2018) Detailedsite investigations and risk assessmeats be a solution
necessary for the detection and management of these buried objects to comprehend their
position and potential effects on future development. To prevent delays during construction or
redevelopment, it may be necessary to carefully arrange where subsuifastelicture, such

as utilities or pipes, are located. To preserve the site's safety and environmental integrity, it is
also necessary to take the correct remediation steps when hezalelments, such as polluted
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soil or groundwater, are present. In the quest for accurate determination of the locations of
objects buried near the surface of the earth within brownfield sites, geophysical methods like
groundpenetrating radar (GPR), resistivity surveys, and borehetgplysics have been
extensively utilized(Pringle et al, 2024) However, these methods come with inherent
limitations and are often constrained by factors such as @ogronmental impact, and the
need for excavation. Intrusive studies are often carried out to evaluate contamination levels,
examine geology, and comprehend hydrogeological conditions while evaluating brownfield
areas for rehabilitatio(Hammondet al, 2021) However, these intrusive techniques are also
expensive because they call for renting pricey machinery like drill rigs or excavators. Standing
fees for renting out equipment can add up quickly, especially when the item is not in use.
Furthermore, intruse studies limit our comprehension of the entire site by only providing

information for discrete sample windows.

Norrintrusive techniques have been used in the evaluation of brownfield sites to help overcome
these difficulties. Groungenetrating radar (GPR) and electrical resistivity/conductivity
surveys are two methods that have been usedllect data over a larger af@damaret al,

2020) These nonintrusive techniques have the benefit of collecting data over a wider area,
giving a morethorough picture of the underlying conditions. However, unfavourablgten
circumstances may limit the efficacy of nomrusive approaches in identifying forms of
pollution, such as industrial chemicals or buried canisters. For instance, where d &aer o
which is frequently used to cap landfills, or reinforced concrete is present, GPR could not be
effective (QuintaFerreira, 2019) . This makes it difficult to effectively detect subsurface
anomalies because these materials can prevent radar pulses from penetrating and propagating.
nortintrusive techniques are nonetheless useful in the first evaluation and screening of
brownfield sites despite these drawbacks. They provide a quick and affordable way to acquire
basic data across a greater area, assisting in the detection of probahiernpbétspots and
supplying information for ensuing focused intrusive investigations. Combiningsimr and
nortintrusive techniques can give a complete image of the site's circumstances, allowing the

redevelopment of brownfield sites and enabling informed deers@king.

This research project focuses on the use of microseismics in brownfield land site investigations
and explores its ability in imaging the ssiarface The idea originated from the application of
Passive Seismic in the development of oil and gas fielkbacheva, Kashin and Mironychev,
2021) Fluid activities, including hydraulic fracturing, water injection, and fluid extraction, are

the primary causes of passive seismicity in the developmentarfidigadields(Chen, 2014)
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1.Tlhe | mportance of Brownfield Sites:
fCol l aton langhBiaghschhe significant benefit s

sites. These |l ocations offer opportunities
i nto Iively and functional Sspaces. By reus
appeal, stimulate economic growth, and cr eeé

needs of residents and businesses

fRecl amati on of damaged sites is consistent
because it promotes the efficient use of ex
these areas, cities can mitiganhd wvebdaoe sp
environment al i mpact typical(lDbDomntslscalk0@é)d v

Social Benefits: Transformingrownfields can enhance social cohesion by providing new
housing, recreational spaces, and community amenities. Redevelopment projects often
prioritize affordable housing, community facilities, and public spaces, fostering inclusivity and

improving the quisty of life for residentgMiller, 2016)

1. Thesi s Aim

The primary objective of this project is to
the current geophysical sulTehey metchodd owye dvi
' imitations in current methods, i mprove det
By integrating this new tool, the project a
costs and ti me, ama efnfsaatei vseafreg meadnidatmaon p
project investigates the application of micr
specifically targeting the detection of subs
|l ocat eidindempt o The study involves recording s
both the time and frequency domaiSngnidéiicdaent
following a comprehensive examination of gl o

comparable qualities has been discovered.

1 Research Question
The central focus of this thesis its it practical to use microseismic technology for
investigating Brownfield sites to detect objects in the shallow subsurface layers of the earth, at

depths of up to 3 meters?
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1.Cbjectives:
a. Understand howhanges irthe energy oseismic signals wheancountering a buried
objectare manifested in the seismic recordifgsmerical modelliny
b. Develop a starto-end methodology for the analysis of seismic recordings for
brownfield site investigation@\nalysig.
c. Application of findings on a pilot field studiyvalidation).

The redevelopment of brownfield sites offers significant benefits, including economic
revitalization, environmental restoration, and efficient land use. However, several challenges
hinder these efforts. One of the major obstacles is the uncertainty siingtime locations of
buried infrastructure, which complicates planning and construction. Additionally, soll
contamination poses risks to both human health and the environment, further complicating

redevelopment efforts.

Among these challenges, the detection of buried infrastructure is particularly problematic.
Current practices for identifying underground structures include grpandtrating radar
(GPR), electromagnetic induction, and other geophysical techniques. Hotnese methods

often face limitations such as reduced effectiveness in certain soil conditions, high costs, and

difficulties in distinguishing between different types of buried materials.

This research aims to address some of these challenges by exploring the potential of
microseismics for detecting buried infrastructure. Microseismic techniques, which utilize
passive seismic signals, offer advantages such as deeper penetration, mmidstLisiiance,

and potential applicability in a variety of ground conditions. By leveraging these
characteristics, this study seeks to improve the accuracy and efficiency of underground
infrastructure detection, thereby contributing to the broader gdatitifating brownfield site

redevelopment.

1. l5ayout of the thesis
The thesis structure is built based on the research approach, which consists of six separate

phases and is shown in Figure 1.have outlined each of these six phases briefly below.

Chapter 1 and 2: This phase encompasses the introductory section, outlining the purpose of

the research, formulating the research question and objectives, and presenting an overview of
the thesis structur@nd literature review chapter which discastheimportanceof brownfield

site investigatioomethods
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Chapter _3: In this chapter,the ®ismic wave theory explains how waves generated by
earthquakes or artificial sources travel through the Earth's layers. It distinguishes between
different types ofwave® primary (P) waves, which are compressional, and secondary (S)
waves, which are shear. The theory also covers how these waves interact with various
geological materials, influencing their speed and direcfidre numerical model theory is
established, outlining the fundamental principles and equations that govern the simulation of
seismic wavesAn appropriate numerical techniqubefinite difference methods chosen to

model wave propagation. Additionally, the boundary conditions of the numeratglrare
defined to reflect realorld scenarios Furthermore, the methodology encompasses the
spectral analysis of seismic waves. This involves analysing the frequency content of the
recorded seismic data to identify specific patterns and characteristics that can provide valuable
insights into shallow sasurfaceobjects.

Chapter 4: The focus is on simulating seismic waves by constructing vanouoserical

models that represent the conditions found in brownfield sites.study involves applying

source of seismic waves to these modets)sidering the specific mechanical properties
typically encountered in the soil of brownfields. Additionally, objects such as steel and
concrete, which are commonly present in these areas, are incorporated into the simulations.
The objective is to exam@the feasibility of detectingnd dff erertiatingthese objects through

the simulation of seismic waves.
Chapter 5: The primary purpose was terify thenumerical model developed in chapter 4.

Chapter 6: Field experiments were conducteds#tpps area in Glasgdw verify and expand

understanding of the mechanics of propagation and properties of seigu@s.

Chapter 7: The discussion chapter includes an explanation of how to analyse and interpret the
research findings, addresses the study questions and objectives, and places the results within
the broader framework of existing knowledge in the field. It is an importanpooent of the

thesis that explains the significance of the research, analyses ramifications, makes conclusions,

and frequently offers future researmpbtions

Chapter 8: The conclusion chaptaummarisgheresultsandincludessuggestions for future

work.
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APhD summary }

v/

AThesis Aim
AResearch Question
ALayout of the thesis

Introduction
AObjectives

Aintroduction

ANumerical modelling of seismic waves
AGeneration of synthetic data
Aanalysis of seismic velocity data

Aintroduction
AModel 2
AModel 3
AModel 4

€«

AField expierments at HeriaWatt university, Edinburgh ,UK ]

L

AField expierments at Stepps area ,Glasgow, UK

@«

AResults discussion ,implications, limitation , and future works ]

<€

ASummary of the results of the thesis

v

Figure 1.2: Symbolic representation of the pa#tken to complete the PhD research.
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Chapter 2 : Literature Review

2.1Introducti on

This literature review examines various geophysical methods, including electrical resistivity,
groundpenetrating radar, and seismic imagiagdassessstheir effectiveness and limitations

in brownfield site investigations. This review explores the potentiamafro seismic
technol ogy as an innovative approach to adc
objective of integrating it with traditional methods for improved site assessment.

2.G2ophysicaflormeitnmaogdisng t he -swhfsaacd ace and ne
Geophysical techniquesan provide insights into subsurface conditipnscluding those
beneatrbrownfield sites, helping to identify buried objects, geological features, and potential
contamination pathwaydlethods, such as seismic refraction and reflection, gravity, magnetic,
electric, GPR, and electromagnetic techniques, offer diverse applications across various
industries. For example, seismic reflection, commonly used in oil and gas exploration, is also
enmployed in environmental science for contamimatassessments, in forensic science for

locating buried evidence, in military intelligence for geospatial analysis, and in geotechnical

and hydrogeological studies for subsurface characterization and groundwater éDakysisd

Skelton, 2020; Gisiner, 2016).

One widely used nemvasive geophysical technique for investigating brownfield sites is the
electrical resistivity method, which can reveal underlying conditions close to the surface, such
as contamination, fluid channels, and geological features. Bgtimgean electric current into

the ground through two electrodes and measuring the resulting potential on the surface,
variations in resistivity can be detected. Low resistivity values often indicate conductive
materials like water or pollutants, while higesistivity values may suggest roonductive
materials such as clay or bedrock. The method is useful for environmental assessments due to
its ability to produce comprehensive models of subsuffieateires This method used mainly

2D and 3D models, with electrodes placed along the surface to measure subsurface resistivity
variations. These methods, like Electrical Resistivity Imaging (ERI), can detect features such
as faults, fractures, cavities, weak zongsjundwater, and seiledrock interfaces. The
resolution depends on electrode spacing, allowing detection of features as small as 1 meter.
Typically, these surveys explore depths from about 5 to 30 meters, making them ideal for
environmental, geotechnical, and engineering applicat{®aul, 2022; Barago et al., 2021).

Electrical resistivity tomography (ERT), a more advanced version of this method, has been
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particularly effective in detecting buried foundations, although its data interpretation can be
complicated by factors such as moisture content, material composition, and the presence of
reinforcing material§Eissa, 2021)Despite its advantages, ERT may struggle with ambiguous
data interpretation, as similar resistivity values can correspond to different subsurface features.
Additionally, factors such as highly conductive elements like metallic infrastructure or salty
groundwater may create artifacts that obscure underlying strudlbee€arloet al, 2013)

The method also requires significant manual effort, particularly in deploying and retrieving
electrodegUsmanet al, 2020)

Magnetic surveys, based on ftthetection of anomalies in the Earth's magnetic field, can also

be used to identify subsurface objects and metallic structures, which are common at brownfield
sites. Magnetic surveys are quick, eeffective, and efficient for covering large areas, and
they have been widely used in mineral exploration, hazardous waste site investigations, and
the detection of buried metallic objects such as tanks, pipes, and (kkinis, Youssef and
El-Deery, 2021)However, the method faces challenges due to "cultural noise” from human
built structures, such as steel pipelines and fences, which can interfere with the magnetic signal
and reduce data accura@dagunodo, Sunmonu and Adeniji, 201Burthermore, magnetic
surveys cannot detect nometallic materials like concrete, limiting their application in areas

where these materials are preval@ungioloet al, 2022)

Gravity surveys measure variations in the Earth's gravitational field to detect subsurface
features. This technique is particularly useful for mapping facgée geological structures,

such as bedrock topography, sedimentary basins, and fluid resdrvgim@undwater research,
gravity surveys help locate potential aquifers and map subsurface density vafiati@us

Araffa and Pek, 2014)n this study, the depth and size of geological structures are estimated
using the strength, shape, and gradient of gravity anomalies. Bandpass filters are applied to
separate signals by deptfi:5lkm anomalies indicate shallow Quaternary deposits/ Hkm
correspond to Molasse and Mesozoic layers, aind@8m reveal deep Pernt@arboniferous
troughs. However, the resolution of this method is not sufficient to detect smaller features such
as narrow pipes or concrete structyi@sglielmetti and Moscariello, 201&dditionally,

gravity surveys are less effective for detecting materials like steel and concrete, which do not

produce significant gravitational anomal{€oeet al, 2018)

Groundpenetrating radar (GPR) uses electromagnetic pulses to scan the subsurface, producing

high-resolution images of features such as soil stratigraphy, geological interfaces, and buried
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objects. This nowlestructive method is useful in various fields, including geology,
environmental studies, and archaeol¢gy and Bristow, 2003) GPRO6s abil-ity to
time data makes it highly effective for site evaluations and infrastructure inspections. However,
GPR's effectiveness is limited by soil conditions, especially in environments with high
moisture content or high dielectric rpattivity, which can attenuate radar signals and limit
penetration depth. Additionally, GPR faces challenges in distinguishing between different
subsurface materials and is less effective in detecting certain materials, such as plastic pipes or
reinforcedconcrete, due to signal attenuation and low dielectric con{Baster, Jordan and

Pardy, 2007)In brownfield sites, interference from urban clutter and complex soil conditions
can further complicate data interpretatipfang, Qin and Ren, 2013 overcome these
limitations, GPR is often combined with other geophysical methods to provide a more

comprehensive subsurface investigaiiSigurdsson, 1992)

The electromagnetic (EM) method is a geophysical technique that investigates subsurface
conductivity variations, providing valuable insights into geology and object detection by
controlling the source array and frequencies during surveys. EM methodsulpasti
electromagnetic inductive methods, are effective for obtaining data on the electrical
conductivities of the ground. These methods are divided into two categories: natural field
methods and controllesburce method¢gUnited States Environmental Protection Agency,
2016)

The primary advantages of the EM method in geophysical investigations lie in its ability to
measure conductivity fluctuations narvasively. It allows for flexible survey designs, rapid

data collection, and reéime interpretation, making it ideal forange of applications, such as

mineral exploration( Go g n b ieto al,s 2017) groundwater studies, environmental
assessment s, and brownfield site investigat
applied in diverse scenari os, and i1itds par-t
detecting contamination, buriedjebts, and infrastructure in brownfield areas. Additionally,
electromagnetic induction (EMI) can detect metallic objects like pipes and tanks without the

need for direct contact with the soil, which is particularly useful in compact or contaminated
sites(Shinet al, 2021)

However, interpreting EM data can be challenging due to the variables influencing responses.
Subsurface conditions, geological formations, and the surrounding environment all impact data

interpretation. EM methods are also limited by penetration depticamdbe susceptible to
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nearby noise sources, affecting accuracy. Furthermore, EMI is less effective at detecting non
metallic objects like plastic pipes or concrete structures, which do not create significant
conductivity contrasts with surrounding sqiRouth and Oldenburg, 2000)

Seismic imaging methods, including seismic refraction and reflection, use acoustic waves to
measure subsurface properties. These methods are valuable for studying geological structures
and boundaries, as well as for mapping faults and stratigrépégkel, 2022) Seismic
reflection, in particular, involves sending sound waves into the ground, where they bounce off
geological boundaries and return to the surface. The timing of these reflected waves is then
analyzed to image subsurface structures, with varyingeargjlincidence affecting the wave

travel paths and deptfdoshiet al, 2020) Seismic waves provide crucial information on
geological boundaries, such as depth variations, and aid in locating and mapping mineral
resourcegHeezen and Wilson, 2006)

Seismic reflection offers comprehensive imaging of subsurface structures, making it invaluable
for site characterization, geological interpretation, and hydrocarbon explor@ramo,
2023)It can identify geological features and boundaries, aiding in resource exploration and
groundwater studiegAnyanwu, 2021) However, seismic reflection can struggle when
subsurface structures are complex, and interpreting data in areas with steeply dipping or
discontinuous reflectors can be challengiRgdenet al, 2017).Additionally, shallowdepth

surveys or lowefrequency sources may limit seismic resolution for fine geological features.

Seismic interferometry, which involves cressrrelating seismic recordings to reconstruct
wavefields, offers highesolution imaging by using ambient seismic noise or controlled
sources(Duguid, Halliday and Curtis, 2011Yhis passive, neimvasive approach is cest
effective and environmentally friendly, allowing for continuous subsurface monitoring without
the need for specific seismic evefitales, Audet and Olivier, 2017%eismic interferometry

can also monitor dynamic subsurface processes, enabling tracking of changes over time, such
as in volcanic or reservoir monitoririBuigroket al, 2010) Nevertheless, it faces challenges
related to data accessibility, resolution limitations, and the impact ofsneace anomalies

on data quality (Duguid, Halliday, and Curtis, 2011).

Microseismic events, caused by both natural and human activities, provide valuable data for
subsurface characterization, especially in industries like mining and oil arfiMigetsell and

Green, 2017)Monitoring microseismic activity helps assess rock stability, hydraulic fracturing
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effectiveness, and earthquake risk. Microseismic data also enabldésneeahapping of
fractures and aids in understanding subsurface processes and fluid flow dyfBohiadsoff

et al, 2013) However, microseismic monitoring can be limited by factors such as surrounding
noise, sensor placement, and the resolution offfagnitude seismic event®el Pezzeet al,

2013)

Borehole geophysical methods involve inserting sensors into wells to measure subsurface
properties, offering valuable insights into stratigraphy and hydroge{\igyng, 2008) While
borehol e measurements provide detailed data
confined spatial coverage and high cqktideen, 1997)

2. Application of Geophysical Techniques for
(St eel Pi pes, Concrete, Pl astic Drums)

This thesis is focusing on the detection of buried objects commonly found at brownfield sites:
concrete foundations or tanks and plastic or steel drums. Such objects are usually found up to
3m depth from the surface and have dimensions usually >1m. Anydssghan 1 m can be

relatively easier to move as it is smaller than the dimensions of the bucket of excavators.

2.3.1Locating Steel Pipes Using Geophysical Techniques
Buried pipes is common infrastructure at brownfield qjidsss, 2003)rhey can be made of
steel or plastic/PVC. Accurate detection enhances safety by lowering the risk of accidents

during excavation and development projects.

A study by Karim et al., (2015) used 2D Electrical Resistivity Imaging (ERI) and 1D Vertical
Electrical Sounding (VES) to detect buried utilities and characterize subsurfacElsatiscal
Resistivity Imaging (ERI) is a fast, nenvasive geophysical method used to map subsurface
features by injecting electrical current into the ground and measuring voltage differences. A
2D ERI setup typically uses 64 electrodes with automatattiing, allowing quick data
collection over large areas. The data is processed using software like RES2DINV, which
models the subsurface as rectangular blocks and adjusts resistivity values to match field
measurements. The 2D ERI, employing a WetBwrlunberger array with 64 electrodes,
provided detailed subsurface imaging, identifying pipes (of diametérl200 mm) as low
resistivity zones (<1 ohm.m). In contrast, 1D VES, using 4 electrodes, offered quick but limited
depth profiles. 2D ERI was more tingensuming due to extensive electrode setup but

delivered superior lateral and vertical resolutigartical resolution in ERI refers to its ability
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to distinguish I ayers at different deipt hs. I
deeper features may appear blurred unless they have strong resistivity contrasts. In the study,
the method reached depths up to 26 meters. However, it facézhdesl from soil salinity and

moisture. 1D VES was faster but lacked detail. The study concluded that 2D ERI is better for
comprehensive utility detection, while 1D VES serves as a supplementary method for
calibration. Combining both improved accuraciesugh 2D ERI remains the preferred choice

for largescale investigation@d. Karim, H. Ibrahim and A. H. ARubaye, 2015)

Karim et al., (2015)also explored similar techniques in subsurface investigations, more
specifically Electrical Resistivity Tomography (ERT). Their study evaluated Wenner and
Dipole-Dipole (DD) arrays in detecting buried targets. Their analysis revealed distinct
resistivitymnt r ast s: metallic objects (steel dr ums
while nonmet al | i ¢ targets (plastic buckets, til
aligning with laboratory measurements. The Wenner arraye(d&rodes, fixed spacing)

achieved strong vertical resolution and signal clarity, detecting targets$ at@0rb depths but
required iterative adjustments (1.0 m Y 0.5
objects. The DD array (48 electrogdegriable spacing) excelled in horizontal resolution,
identifying lateral anomalies but missed vertical/small targets (e.g., 0.05 m pipes). Both
methods produced inverted resistivity models using RES2DINV software, with RMS errors of
2.719.9% (Wenner) an®.97.3% (DD), yet struggled with fine geometries and inclined
structures. Combined use improved subsurface characterization, though limitations persisted

in resolving features less than 10 cm in size. Fieldwork duration was longer for the Wenner
array de to spacing iterations, while DD offered faster lateral profiliffge fieldwork took

longer with the Wenner arrg3 1 4 hrs)becauset required multiple surveys with different

electrode spacings (1.0 m, 0.5 m, 0.25 m) to improve resolution and detelgror deeper

targets. In contrast, the Dipelgipole (DD) array(11 1.5 hr)allowedfor faster data collection

by providing good horizontal coverage in a single setup, making it more efficient for lateral

profiling without the need for repeated measurements.

One of the key challenges in mapping soil resistivity around buried pipes in urban areas to
assess corrosion risks is the interference caused by pipes, particularly uncoated or shallow ones,
which can produce minor anomalies. Coated pipes, however, haireahimpact. This study
compares electrical resistivity tomography (ERT) and capacitive electrostatic measurements
(sliding carpet) to address these challenges. Synthetic modelling confirmed that standard pipe

dimensions did not significantly affect retul Both methods effectively identified lew
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resistivity |l ayers (<50 qbLm) I|inked to corro
ERT faced logistical challenges such as invasive electrode installation and slow data
acquisition. The sliding carpet method is an electrostatic resistivity technique employing
capacitive coupling, using flat metal sheets or copper gauze asvasive poles (0.4x0.80

m2 for current injection, 0.2x0.80 m2 for voltage measurement) embedded in a poldatite

array. Designed for urban environments, it enalépid (e.g., 200 m in 10 minutes), Aon
destructive surveys by continuously pulling the carpet along paved surfaces, sampling data
every 0.2 m (filtered to 0.5 m resolution) and inverting results via DC resistivity software (e.qg.,
RES2DINV). Advantages otude noise resilience through lateral filtering, speed, and shallow
focus(G3 m depth), though i1t | acks ERTO0Os deeper
pipe influence unless uncoated, large, or shallow (<1.5 m), validating its utility for mapping

soil resistivity to assess corrosion risks around urban utilities despite subsurface complexity

This method provided rapid, nesestructive deployment with noise suppression, making it
especially suitable for urban environme(Rejkjeeret al, 2021)

In a 1990 study by Schlinganagneto metriand gradiometric surveys were employed at Hill

Air Force Base to identify underground steel storage tafks. methods involve using
magnetometers and gradiometers to detect underground storage tanks (USTs) by measuring
variations in Earthdés magnetic field. Magnet
strength, while gradiometers measure vertigatdients using paired sensors to cancel diurnal
noise. Surveys are conducted along grids, with data corrected for temporal geomagnetic
fluctuationsand background values. Anomabestrong positive signals (e.g., 3,6@)000

nT) for steel tanks or subtle voids for nonmagnetic tArd® mapped and interpreted based

on amplitude, shape, and gradient decay rates. This approach successfully located a burie
42,000liter steel tank at Hill Air Force Base, demonstrating its utility for targeted excavation

in environmental remediatioifhe magnetometer assessed the total magnetic field intensity,
revealing broad anomalies linked to deeper or larger tanksg Wiel gradiometér utilizing

two vertically aligned sensdisgauged the magnetic gradient, yielding sharper anomalies
(1,2004,000 nT/m) for shallow targets. Data were gathered along meticulously planned
transects, adjusted for diurnal magnetic fluctuatiand, visualized through spatial mapping to

accurately locate the buried tanks.

The magnetometer was faster but less precise for shallow objects, whereas the gradiometer
offered higher resolution but required more field tifflee study conducted magnetometer and

gradiometer surveys simultaneously using an EDA Omni Plus instrument, which recorded both
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total field and gradient data at the same time. Fieldwork for both sites took 12 hours over two
days, including setup, data collection, and land surve@oth methods successfully located
tanks, with the gradiometer pinpointing a 42008 tank at 1 m depth. Combining the
techniques improved accuracy, making them ideal for rapidim@sive site assessments.
Limitations included sensitivity to culturaoise and power lines, with gradiometers being less
effective for very deep targef® 1 3 m)(Schlinger, 1990)

A study by Alao et al. (2024) examines magnetic anomaly detection for identifying buried
objects in environmental and engineeriagplications.A 55m x 55m test site was used,
measuring Total Magnetic Intensity (TMI) before and after burial, with signal enhancement
techniques improving accuracyignal enhancement techniques in magnetic surveys improve
anomaly detection by emphasizing subtle features, reducing noise, and highlighting target
signals. Key methods include First Vertical Derivative (FVD) to enshaeaisurface features,
Analytical Signal (AS) for edge detection independent of magnetization direction, Euler
Deconvolution to estimate source depths, and Residual Maps to isolate local anomalies from
regional trends. These techniques offer greatesithety and clarity than conventional
magnetic intensity maps for identifying buried objects and geological strudtioees.
methodology included laboratory testing of magnetic susceptibility and data analysis using
Euler Deconvolution and Analytical Signarocessing. Results showed significant TMI
variati ons, confirming the methodds effectiv
geological noise, controlled test conditions, and the potential for false detefAilmuset al,

2024) .

GroundPenetrating Radar (GPR) with a 100 MHz antenna and380R GSSI systerwas

utilized to detect buried steel pipes in Sharm3Bkeikh and QusiefSchlinger, 1990)Data
acquisition in time mode with manual marking evem &llowed precise profiling. Processing
involved bandpass filteringnoiseremoval, and the generalized Hough transform to calculate
pipe diameters from hyperbolic reflections. In SharmSkeéikh, GPR identified 2Bm
diameter steel pipes at4Am depth, validated by excavatioAst he sur vey i n Qusi
detected a steel pipe was detected at 2.2 m depth. Advaimatgeted high resolution for
metallic targets and accurate depth/diameter estimation. Limitations included susceptibility to
cultural noise and challenges in heterogeneous soils. The method required minimal field time
but depended on optimal antenna fragrye(100 MHz for deeper penetration) and parameter
calibration. GPR proved highly effective for steel pipe detection, offeringmasive, real

time imaging crui@l for urban utility mappingSchlinger, 199Q)
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Ekes et al. (2011) introduced Pipe Penetrating Radar (PPR)gesuadbreakingin-pipe
application of groungbenetrating radar (GPR) for assessing undergrounefanoous pipe
integrity. This study, alongsiday research, highlights PPR's capability to detect defects such
as wall thickness variations, voids, delamination, and reinforcing steel placement. Utilizing
robotic or manned deployment of hiffequency GPR (12.5 MHZ# GHz) in conjunction with
advanced sdivare (PPRADIAN. Validated in case studi@svolving large sewers and tunnels,

PPR effectively identifies structural anomalies and informs trenchless rehabilitation strategies.
Results demonstrated precise detection of rebar, voids, and joint flaws, significantly enhancing
asset management and regaioritization. While PPR provides higtesolution insights, its
limitations include restricted penetration depth (~3 meters), resolution constraints for sub
centimetre features, operational dependencies on pipe size/accessibility, and the necessity for

expert interpretation to distinguish complex reflecti(iikeset al., 2011)

Gravity and magnetic surveys are less commonly uséat&de objects like pipes. However,

Li et al. (2019)exploredhow pipeline parameters such as spacing, depth, diameter ratio,
density, and susceptibility impact detection. Both methodsdfaballenges in detecting
pipelines parallel to the measurement line, and magnetic sunwagslimited to detecting
ferromagnetic materials, leaving ramagnetic materials like plastic undetectable. Detection
accuracy decreases with smaller pipe spacing, greater depth -ioleabdiameter ratios. The
study assunek uniform density and susceptibility, overlooking realrld factors like
corrosion. Gravity surveygere less sensitive to small pipe spacing or deep pipelines, and field
tests revead issues with noise and data fluctuations, making these methods less reliable for

such applicationéLi et al, 2019)

The study conducted by Kumar, Pal, and Guha (2024) used a combined analysis of three
geophysical methoésmagnetics, electrical resistivity tomography (ERT), amay low
frequency electromagnetic (VEEM) data focusing on investigating kimberlite pipes. The
primary objective was to assess the spatial distribution, depth, and subsurface characteristics

of these pipes, which are crucial for mineral exploration.

By integrating these methods, the study sought to mitigate the limitations of each individual
method and enhance the accuracy of the results. The findings revealed clear anomalies that
matched the locations of kimberlite pipes at different depths, withrhagnetic and resistivity

anomalies identified. Depth estimates ranged from 5 to 100 meters, with a mean depth of 48
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metersbased onthe Euler deconvolution method. Additionally, strong correlations were
observed between the magnetic, VEM, and ERT data, offering robust evidence for the
kimberlite body locations.

However, the study also pointed out some limitations, especially the sensitivity of the methods
to local electromagnetic interference, such as from power lines, which could affect data quality.
VLF-EM data, in particular, were impacted by noise and redquiageful preprocessing.
Furthermore, the weathering of kimberlite pipes could influence the anomalies, making the
interpretation more complegdKumar, Pal and Guha, 2024)

Seismic reflection is commonly used to study subsurface features like tunnels and geological
structures such as faults but is not typically applied for pipeline detetherstudy by Xu and

Li (2021) examing the use of the TSBK seismic reflection imaging system for tunnel
geological prediction. The system genedagdastic waves usingxplosives The wavesare

detected by geophones and processed through filtering, wave picking, and velocity analysis.
Field tests conducted in Sanming City, Fujian Progishowed that low -Rave velocity

indicated weak rock mass, while lowwsave velocity and high Poi
potenti al water seepage risks. The systemo:
findings, confirming its reliability. Howeveits accuracy depeedon proper water sealing in
boreholes and selecting optimal Q filtering values30% While effective, it may not fully

replace detailed drillingpased surveyXu, Wei and Li, 2021)

2.3.2ldentifying Concrete Structures Underground

Geophysical methods for detecting concrete, such as Giemnetrating Radar (GPR),
Electrical Resistivity Tomography (ERT), and Seisniteflection/Refraction, each have
limitations. GPR is effective for shallow concrete structures but struggles with depth, high
moisture content, or interference from metal objects. ERT offers lower resolution and can be
impacted by soil variability and higlvater content, making concrete harder to detect at deeper
levels. Seismic methods have lower sensitivity to concrete, especially in urban areas, and their
resolution diminishes with depth. Overall, GPR is the most effective for shallow concrete
detection,while ERT and seismic methods can provide complementary information but are
less precis€Gehrig, 2004)

Ground Penetrating Radar (GPR) is a-destructive method that uses electromagnetic waves
to detect subsurface features in concrete (e.g., rebar, voids, utilities) by analyzing reflections at

dielectric interfaces. It employs higlequency antennas (e.d..5 GHz) for shallow, high
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resolution scans (2 m depth) and monostatic setups for rapid fieldwork, producing
radargrams with hyperbolic patterns for rebar or polarity shifts for voids. While GPR excels in
speed, versatility (slabs, bridges), and avoiding damage, it struggles with metallic interference,
conductive soils, and depth limitations. Ppsbcessing converts tirgbomain data to depth,

but interpretation requires expertise. Ideal for quick evaluations, GPR balances resolution and
efficiency but trades off penetration foregrsion(Gehrig, 2004)

Electrical Resistivity Tomography (ERT) is adapted for Reinforced Concrete (RC) floors using

a warmstart inversion to model the RC layer (wire mesh + cement) and underground electrodes
via existing wells, overcoming current distortion from embedded m&aim-start inversion

uses a realistic starting model to improve the speed and accuracy of data inversion, especially
in complex settings like reinforced concretdis hybrid approach resolves deep targets by
combining surface and subsurface sensors, though fieldwork is longer due to drilling and multi
electrode setups. Advantages include -destructive assessment and enhanced depth
resolution, while drawbacks iolwe complexity and reliance on boreholes. Compared to
conventional ERT (surfaeenly, faster but ineffective under RC), modified ERT uses 55
surface + 12 underground electrodes, proving ideal for urban/industrial sites with RC

infrastructurg'Yang, Yang and Yuan, 2024)

The shallow seismic refraction method, utilizingwBve (28004500 m/s) and Svave
velocities (16002750 m/s) with 24 geophones per profile and harrgeeerated sources,
directly estimates geotechnical parameters (e.g., elastic moduli, bearing capadity) an
identified two subsurface layers, deeming 86% of New Minia City suitable for construction.
While effective for mechanical property analysis, it requires d4mensive field work (30
profiles, multiple shots/stacks) and has limited depth penetrat@study integrated shallow
seismic refraction (30 lines, 46 m spreads) and reflection (92 m spreads, CMP gathers) to
enhance subsurface characterization. Refraction provided vetltsptih models, while
reflection imaging (NMO correction, migration) resaivéow-velocity zones and detected
fractures/voids(Sheblet al, 2019)

A study by Anderson and Akingbade (1997) focuses on the shallow seismic reflection
technique at nearertical incidence to map subsurface structures. The method uses a source
(such as a hammer or small explosive) and geophones arranged in a linearcspeeadit
seismic waves reflected from subsurface layers. The inciden@atigdeangle at which seismic

energy strikes a bounddryis near vertical, meaning it is very small (close to 0°). This ensures
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that the reflected angle is also near vertical, simplifying wave path calculations and enhancing
the resolution of horizontal or gently dipping layers. The results demonstrateskightion
imaging of shallow subsurface features, making the techniqueiparly effective for

environmental and engineering site investigati@rederson and Akingbade, 1997)

Another study confirms the effectiveness of meattical incidence in seismic reflection
analysis. Inthis approach, reflections primarily arise from vertical heterogeneities, and the
method iteratively adjusts a deconvolution filter to accommodate thavhibe reflectivity
spectrum of a von Karman stochastic médehhancing both stability and accuracyeov
earlier techniques. Synthetic tests showed successful recovery of depth (az) and velocity (v)
under noisdree conditions, though sensitivity to noise increased with greater deviation from
vertical incidence. When applied to field data from the PASS@dsin and Range
experi ment, the method produced results of
crustal properties and validating its usefulness for-uedical reflection datasetd§oppeliers,

2007)

2.3.3Detecting Plastic Drums in the Subsurface

Similarly, no geophysical method, except GPR, can reliably detect plastic pipes. Plastic lacks
the electrical or magnetic properties necessary for detection by other methods. ERT cannot
detect plastic pipes, as their resistivity is too similar to the sodiag material. Magnetic and
electromagnetic methods are also ineffective since plastic is neither conductive nor magnetic.
Therefore, GPR is the only practical method for locating buried plastic pipes, as it can detect

differences between the pipe and surrounding soil.

The study by AyalaCabrera et al. (20119xplains how Grounéenetrating Radar (GPR)
detects plastic pipes, presenting a method that combinesatettormation witta multragent
system to automatically identify pipe locations. The method showed 95% accuracy in simple
scenarios and 75% in complex ones. It offers advantages such as beidgstrantive,
effective for lowreflectivity plastic pipes, and not requirigpert operators. However, it is
sensitive to soil conditions and may have reduced acgimammplex environments. Using a
single 1.5 GHz monostatic antenna, the method likely reduces fieldwork time compared to

traditional interpretation methods due to its automated néyada-Cabreraet al, 2011)

2. Rlesearch gap
The various geophysical methods discués€toundPenetrating Radar (GPR), Electrical

Resistivity Tomography (ERT), Seismic Refraction, and magnetic swvegsh provide
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valuable advantages for subsurface detection but also come with inherent limitations. GPR is
highly effective for detecting nemetallic objects like plastic drums and pipes but faces
challenges with signal attenuation in moist environments and limiteth degnetration
(Wahab, 2013)ERT, while useful for mapping resistivity contrasts, offers lower resolution
than GPR and can be affected by saifiability and slower data collectidighahandashet

al., 2021) Seismic methods, such as seismic refraction, are effective for assessing mechanical
properties but suffer from limited depth penetration and require extensive fielWattset

al., 2022) Magnetic methods, however, are restricted to detecting ferromagnetic materials,

leaving noAmetallic objects undetectable.

Microseismic methods offer a solution to these limitations by providing enhanced resolution
for detecting smalscale subsurface anomali€aich as pipes of both plastic and steel and
concrete. This was also confirmed by conducting a series of laboratory experidrdikts.
traditional geophysical techniques, microseispan detecevensmall object.Microseismic
methods have shown strong potential to complement traditional techniques like Ground
Penetrating Radar (GPR) and Electrical Resistivity TomograftRT), particularly in
enhancing the detection of plastic and smoetallic objects. Their redgime, noninvasive

nature makes them especially suitable for complex or urban environments where access is
limited. These surveys are relatively quick to perfd typically taking around 4 to 5 hours in
practical fieldworkd followed by straightforward data uploading and processing using
accessible, noficensed software. However, despite these advantages, there remain key gaps
that this project aims to addressegifically, there is a need for a geophysical method that is
universally applicable across various soil types, easy to deploy, and simple to interpret without
relying heavily on complex inversion models. Ideally, this method should allow nedinteal
andysis, reduce the need for expert interpretation, and be capable of detecting a wide range of
buried objects regardless of their matei@llecting data in this way does not take much time,

whether in simulations or in practical experiments.
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Chapter 3 Background theory and method

3.Slei smic Reflection Theory

Seismic reflection works on the idea that seismic waves created by a controlled source travel
into the Earth's subsurface and reflect off the borders of distinct geological strata. These
reflections emerge as a result of acoustic impedance caused byemgky dand seismic
velocity differencesln Geophysics, onmay use the time it takes for reflected waves to return

to the surface to construct picturedloé subsurface at depths of 100sn@dters This approach

is particularly useful for mapping strataphy, detecting fault zones, atidcovering resources

like as oil and gagAckman and Cohen, 19943amsudin, et al. (1999) showed f{tsgtismic
reflection can be utilized for shallow subsurface investigations (depths 10m to 60m). This
potential is further explored in this thesis but for the ysearr f ace (dept hs O
particularly challenging depth zone because the soil atshallow depths is less compacted

and dispersion of seismic waves is very high. Traditional analysis of reflective waves that

utilises arrival times is not easy, if not impossible, to apply

3.1.1Principles of Seismic Reflection
Seismic waves are created using controlled sources such as explosignasand seismic
vibrators Yibroseistruck)(Chelminski, Watson and Ronen, 20Xpng the surface or the

nearsurface.

Seismic waves are generally divided intovRves (Primary waves) andvgaves (Secondary
waves)(Yang et al, 2007) P-waves are compressional or longitudinal waves that travel by
compressing and expanding the material in the s#ineetion as the wave propagates. They

are the quickest form of seismic wave, making them the first to be detected by seismographs.
P-waves may pass through solids, liquids, and gases, making them useful for understanding the
Earth's internal structure-\8Baves, on the other hand, are shear or transverse waves that move
particles perpendicular to the wave's propagation direction, resulting in a shearing effect. S
waves are slower thanwaves and come later. Importantlyw@ves can only travel through
solids, revealing vital information about the Earth's fundamental composition, specifically that

the outer core is liquid sincevaves do not pass throughitayal, 2006)
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Figure 3.1: P- wave and Svave(Murthy, 2002)

3.1.2Seismic wave$ropagation Through the Earth

Traditionally, the application of theseismic reflection is to measure the time it takes for a

seismic wave to travel from a source down into the earth, where it is reflected back to the

surface and detected by a receiver (geophdi) time that is measured is termed as\vay

time (TWT) (Murthy, 2002)

At the boundary between two rock layers, seismic wave speeds often vary due to differences

in the physical properties of the strata. When a seismic wave encoaimateriaboundary,

its energy splits into transmitted and reflected waV¥ée magnitudes of the transmitted and
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The total energy of the transmitted and reflected waves must be equal to the energy of the
incident ray(ASIM HASHIMI, 2011).

The reflection coefficient R is defined by the formula:

R=4,/4,

Eq3.1

Here, A represents the amplitude of the incident wave, whereaspkesents the amplitude

of the reflected wave. The value of R may be determined for a wave that is incident at a normal

angle
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B A L A Eq32

R —
PV, Py, Z,+Z,

The variables } 1, v waveXe€ocity, ancoasicanmpedanceoethed e n s i

first |l ayer, whereas |} 2, v 2, Z2 re@3Msent
HASHIMI, 2011).

When a compressional wave hits the interface at-de@@ee angle (Fi8.2), the transmitted

wave passes through the interface in a straight line without any change in direction, while the
reflected wave follows the same path as the incident wave. The total energy of the reflected
and transmitted waves is equivalent to the gnefghe incident wave

reflected wave
amplitude 4.

incident wave,
amplitude Ao

-

Vi, o

Vi, P2
transmitted wave
amplitude A:

Figure 3.2: Reflected and transmitted seismic waves which generated by normal in@A&im
HASHIMI, 2011)

As in the case of normally incidence, a seismic wave obliquely incident on the contact produces
reflected and transmitted waves (Bi@). Considered as a refracted wave, the transmitted wave
moves in aifferent direction. Snell's law characterizes the link between the angles of incidence

and refraction
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smb,
: = Eq3.3
sme, v, q
Where the refraction angle is d2 and the

in various materials are v1 and (iari, 2019)

Y

incident wave

Vi

reflected wave

Vy >V

refracted wave

Figure 3.3: Obliquely incident seismic waves produce both reflected and refracted (Ma@s2019)
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This figure (34) below consists of two figures, a and b. Figure a illustrates the mechanics of
seismic wave propagation, with the area inside the red box representing wave propagation near
the surface. Figure b depicts the incidence and reflection of seismic waves. dtutly, the

target depth ranges from 1 to 3 meters, while the horizontal distance does no6@xoessts.

Under these conditions, the waves are incident and reflected vertically, as this represents only
a very small portion of the itial stage of seismic wave propagation, limiting the extent of
wave expansiofAnderson and Akingbade, 1997)

surface Seismic source

 Reflected ray
1

Wave front obiect

Normal Incidence

Figure 3.4: (a) Seismic wave front pattern during wga@pagation over kilometres scale, (b)
Zoomed in section close to seismic source (within 10 m depth) where the incident angle can be regarded

almost vertical.

3.Methodol ogy of analysis steps
To achieve the set objectives detailed in chapter 1, | followed the analysis steps /methods

mentioned below, which are expanded on in greater detail in the next sections of this chapter.

Step 1 Application of numerical modelling to simulate seismic wave propagation on ground

surface generated by a surface seismic source (objective 1).

Step 2 Analysis of synthetic velocity data generated by the numerical models (objective 2).

For identification of a buried object.

Step 3 Synthesis of results from Step 2 to develop a site investigation methodology (objective
2).
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Step 4 Verification and validation of the methodology developed in Step 3 using field data

(objective 3).

3.NBumerical model | ipmrg paafg asteéiosnmi ¢ waves

This modelling approach seeks to shed light on several elements of seismic wave behaviour,
such as velocity, amplitude, and dispersion patterns as they pass throughrdeaieser his
included looking into changes in the time domain concerning wave amplitude and changes in
the frequency domain addressing frequency variations caused by seismic waves interacting
with shallow subsurface objects. (Adamo et al., 2020)

Several factors led me to utilise numerical modelling before BefoerimentsHelpedme
rapidly generate several controlled situations and scenarios. | could methodically study seismic

waves attributes by modelling first.

When seismic waves encounter an object, they can undergo several interactions: part of the
wave may reflect back, while another part may refract and change direction as it passes through
the object. Additionally, waves can diffract around the object's ssdgmatter in various
directions if the object is irregular, or lose energy through absorption, reducing their amplitude.

These effects depend on the wave's properties and the nature of the object.

3.3.1Numerical modelling tool -FLAC 3P

| obtained and was granted a license for the commercial software3PI(ffst Lagrangian
Analysis of Continua in 3D). The FLAE® is a highly effective software for seismic wave
numerical modelling due to its ability fgqeomechanicallysimulations, nonlinear material
behaviour handling, advanced constitutive models, and ability to simulate complex subsurface
geometries. FLACP integrates static and dynamic seismic analysis, allowing for accurate
modelling of the dynamic response of objects to seismi@gdts industry acceptance makes

it a popular choice for seismic wave modelling. The fisendly interface and extensive
technical support resources make it a favourable choice for researchers and engineers in

numerical seismic wave and subsurface gedraericg(Itasca Consulting Group, 2017)

It can address a range of challenges, including mechanical response to loads and deformations,
failure assessment and progressive breakdown, safety factor calculations, and complex aspects
of fluid flow under fully and partially saturated conditions (Gi@l., 2013). This programme
was utilised in multiple research investigations to simulate seismic waves, such as fault
simulations and tunnedimulations. Andused in numerical investigation of the dynamic

response of a horizontal layersttucture rocklspe to a normally incident Swave Zhan &
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Qi, 2017, Numericalsimulation of the seismic response of a rigid foundation on soft soil
(Zhang & Wang, 2015)Numerical Simulation Method for Seismic Analysis of a Shallow
Tunnel in Poor Ground Conditiorfgihonget al, 2018)

The Finite Difference Method (FDM) is used in FLAQIue to its accuracy and reliability in
handling elastodynamics. FDM's strength lies in providing precise solutions for complex
dynamic problems, making it a good tool for modelling seismic wave propagation. However,
FDM is adapted to simpler geometrie®da its gridbased discretization approach, which may
face challenges in complex or irregular geological settings (Semblat, 2011).

Performing a dynamic analysis in FLACInvolves a welstructured process to simulate how
objects materials respond to dynamic loading, such as seismic waves. It begins with setting up
the model, defining objects properties, and establishing boundary conditiotistately
defining the dynamic load and creating a detailed mesh are essential for accurately modelling
objects so that seismic waves can pass through them without interfebgmesnic analysis
settings, including time step size, need to be aldyefonfigured. The choice of the numerical

solver and solution algorithm depends on the specific problem at hand.

3.3.2Setting up numerical modelin FLAC 3P

To simulate seismic waves with FLAG® within an elastic model, three material
characteristics need consideration. Firstly, densifyi9 expressed as mass per volume unit.
For measurements in the International Stand&iyl units, mass is quantified in kilograms.
Secondly, the material's stiffness is captured in FI9A§y attributing a bulk modulu@) and
shear modulu¢G), both gauged in force per unit area. It's noteworthy that Young's modulus
(E) and Poisson's rati@) can be employed to deduce thék and shear moduli, aetailed in

the FLAC® Manual(Itasca Consulting Group, 2017)

Note: The following equations link the bulk modul(s), shear modulugG), Young's

modulus(E), and Poisson's rat{@) :

il o Eq3.4
or
Ly Eq 35
Ir L,
L 4 Eq 36
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Based on these mechanical properties, the veloci®aridS wave through this medium, are

given by:
Eq 37
[ a3
Tk >
_ Eq 38
I
™

The wavelengths of these waves are characterized by two distinct equations, each providing
information on aspects of wave propagation. The wavelength of a seismic @aie (
determined by dividing the velocitfw) that the wave travel through the medium by the
frequency("Q of the wave see the equation beldltasca Consulting Group, 2017)

y 9 Eq 39
0
3.3.3Governing Equation
The momentum equation or theisguesaltved oéfr moh

response to seismiEaehcicUi,dibjiodmrdﬁesq a3 fee) ed
posiX)i oand( ti me. THhfer ddpuentfloy ceortteaim sfg) a ¢ o mk

and a sourcg . cEGmmaomeryt h@s a substanti al i nf

normal mode seismology, although it has | ess

surface waves at regu(ahé¢éygreobse2hd) e wavel e

] . Eq 310

;0 o
z— uu i f

wherez is the density and the terinj Eeprisents the divergence of the stress tensor, and it's

important to note that this expression involves summation over the index j, which takes values

from 1 to 3.

Theommencement o f wave propagation occurs W
stimul ated througdgfhortclee idrmmadhietdi odn® rocfe ai s i n
specified | ocation within the model, dictatdi
the constituent mater i al particles within t

vel ocity ( m/esQueantcya specific fr
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The <calculation procedure involves tracking
mi nute time interval s, all owing for dynamic
met hodol ogy i s advantageous f or ntgr agh aage dted

equil (Bat umurst, 2019)

3.3.4Time Step
A step, often referred to as a

cycle," cor

During the execution of equations of motion

approach is effective due t o sadleutuinodne rd cyh ennge
i nformation propagation is |Iimited to a dist
ti mestep. Consequently, the duration of each
density, the stiefsf,naxngd dfhec an tma(altstsacsngsa 2d o nt shuel

Group, 2017)

Equations of
Motion
—for all elements—

new velocities
and
displacements

new
forces

Constitutive

Equations
—for oll elements—

Figure 3.5: The timestep in Itasca softwaléasca Consulting Group, 2017)

3.3.5Boundary conditions
Boundary conditions within a numerical model are defined by the field variables'&auels
as stress, velocity, and displacen@eat the model's numerical grid boundaries. In the context

of this study, boundary conditiosfiouldprevent outwargpropagating waves from reflecting
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backinto themodel. Reflectedseismic waves createstructive interference in a numerical
modelandcan have serious consequences for simulation accuracy and reliability. When two
or more waves of opposing phase collide and mix, they partially or fully cancel each other out,
resulting in a diminution or complete nullification of the wave's amplitudetrétegy to
mitigate this is by employing an expansive model size, effectively ensuring that the wave does
not reach the boundary within the designatedtime, hence averting reflections. However,

this approach can prove computationally demanding when dealing with smaller element sizes.

Formy modes, three distinct boundaigondition types were under consideration:

A Free field boundary conditions governing t

to the x and y axes.
A Quiet boundary conditions implemented al on
A Fsuréaee boundary conditions applied to vieetical sidef the model.

3.3.5.1The Free surface

As stated by Robertsof2001), implementing the fresurface boundary condition is
accomplished by applying zeroing functions along these boundaries, following the outlines of
the mesh elements. When a gas and a solid or liquid come into contact, the interface between
them is known aa free surface. As a result, the uppermost layer of the model hassarfiase
boundary condition. The term "free" in this case refers to the significant difference in densities
between air (gas) and solid (rock mass), witahses the distinctiofiRobertson, 2001).

3.3.5.2Free-field boundary conditions

Freefield boundaries find their application in simulating the medium's lateral extent. This is
vital to facilitate accurate energy radiation. With the assignment of -fiétddoundary to the
model, modifications in properties within the main grid doexiend to the freéeld zones.

This approach effectively emulates an infinite lateral space while concurrently addressing the

necessity for nomeflective boundarie@~errari, 2011)

By applying this kind of boundary conditions, the seismic waves propagating upwards do not
suffer from any boundary distortion, because the grid of the free field provides conditions like
those of an infinite space. To apply a free field boundafyLAC3P, the model should be
oriented so that the bottom is perpendicular to theig, and the model sides should be parallel

to the zaxis with their normal along the x or-gxis. This kind of boundary condition is

implemented in FLAE® as fourplane free field grids located on the model sides. At each
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corner, the model has a colusfree field grid. The planar grids are designed to match the main
grid zones of the side boundaries so that there is a match between the grid points in the free
field and the maimgrid. Figure 36 showsthe free field boundary applied to model.

The main grid's lateral boundaries are interconnected with théididegrid through viscous
dashpots, which emulate a quiet boundary. The resultant imbalanced forces from the free field
grid is exerted upon the boundary of the main grid. These twotcmrslare mathematically
expressed in the subsequent set of three equations, which are applicable to-file& free
boundary situated along one side boundary plane, with its normal aligned in the direction of
the xaxis. Corresponding formulations can bevided for the other sides and corner
boundariegltasca Consulting Group, 2017)

Fe = =pC,p (Vi —=viDA + Ff masit
Fy, = —pCi(V —wHA + F}! Eq 312
Fy = —pC (V7 _VEF)A+F£r Eq 313
Where;

p =Density of material along the vertical model boundary.

Cp = Primarywave speed at the side boundary

Cs=shear vave speed at the side boundary.

A =Area of influence of free field grid point.

w™ = X - velocity of a grid point in the main grid at the side boundary.
w™ = y- velocity of a grid point in the main grid at the side boundary.
v;" = z- velocity of a grid point in the main grid at the side boundary.
w = x- velocity of grid point inside the free field.

v, = y- velocity of grid point inside the free field.

v/" = z velocity of grid point inside the free field.

Fx'= freefield grid point force with contributions fromix" the stresses of the frdield

zones around the grid point.
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F,"= freefield grid point force with contributions froni, " the stresses of the frdield

zones around the grid point.

F."= freefield grid point force with contributions froni. ™ the stresses of the fréield

zones around the grid point.

free field
free field

FF boundaries «

~—— FF boundaries
b=
(9]

seismic wave

. Quiet boundaries -

Figure 3.6: Free Field Boundary Mechanisms in FLAItasca Consulting Group, 2017)

This boundary condition becomes indispensable when dealing with seismic sources that are
defined by their velocity rather than stress or acceleration. When seismic waves are generated
by velocity sources, such as vibrating machinery or surface motioryirapphe correct

boundary condition becomes paramount. This boundary condition ensures that the velocity at
the boundary is maintained at the prescribed value, thus mimicking the characteristics of real

seismic sources.

Figure 3.7 illustrates the model's geometry, including thedel planesmonitoring stations

seismic wave emission location, and tigectlocation.
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Figure 3.7: Basic 3D geometry of numerical model with the free field boundary.

3.3.5.3Quiet boundary (viscous) boundary

An absorbent (viscous) boundary is used to prevent any reflection of seismic waves back into

the model. The quidioundary approach utilizes separate dashpots that are connected to the

boundary in both perpendicular and parallel directions (Itasca,2019). These dashpots serve to
offer viscous tractions in both the normal and shear directitms.dashpots offer viscous

normal and shear tractions given by using:
tn =—p Cp vy Eq 314

- Eq 315
I =—p Cy Vs .

Where:vn is the component of normal wave velocity asdomponent of shear wave velocity
at the model boundary; = material densityCp andCs are the primary and shear wave

respectively.
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Structure

External dynamic input (stress or force only

Figure 3.8: lllustrates the quiet boundary. Modified af(dasca Consulting Group, 2017)

3.3.6Dynamic load:

In all models, a sine wav@eq3.16)was applied, which has a frequency, wavelength, and
duration The selection of a sine wave as an input for seismic wave simulation facilitates the
comparison of velocity histories with the seismic source. Its simplicity of generation, fixed
shape, and adaptability make it a good choicerfolerstandinghe changes that take place for

the different conditions in theumerical models in this study and, consequently, for evaluating

the model's performance asthbility. Steble numerical simulations necessitate the utilisation

of a seismic wave source that is designed in accordance with the mechanical parameters of the
model. The behaviour of seismic waves in the simulated environment is influenced by various

mechanical parameatg including material stiffness, density, and boundary conditions.

. Eq 316
y =Asin(¥) g

where:

1 yis the value of the wave at a given point in time or space.
1 As the amplitude of the wave, which represents its maximum displacement from the

equilibrium position (the peak value).

1 ¥ is the angular frequency of the wave, which determines how quickly the wave oscillates.
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The sine functionsin(¥ ), produces a wave that oscillates betweleand 1. The amplitudé

scales this oscillation to reach a maximum valua ahd a minimum value ofA.

The angular frequency is related to the regular frequentythe number of oscillations per

unit of time).

Eq 317
¥ Q q

So,¥ represents how fast the wave oscillates in radians per unit of time.
One of the following options is available for applying dynamic inpuEAC3P: A force
history, an acceleration history avelocity history, astress (or pressure) historyor another
type of history The figure 39 shows where the seismic source is located on the surface of the
models and shows where the waves are managed to start travelling. This helps us correctly

understand modelling results and how the subsurface moves and changes in different situations.

FLAC3D 7.00 |y = A s¥ij) n (

©2022 Itasca Consulting Group, Inc

Zone Velocity Magnitude
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6.0000E-01
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5.0000E-01
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4.0000E-01
3.5000E-01
3.0000E-01
2.5000E-01
2.0000E-01

1.5000E-01
1.0000E-01
5.0000E-02

0.0000E+00
History Locations

Figure 3.9: Dynamic input direction (applied on second, third, and four model).

3.3.7Element size

In the realm of dynamic analysis, potential distortions in the numerical transmission of seismic
waves can arise due to various modelling conditions. The interplagtiofthe input seismic

wave frequency and the wave velocity characteristics intrinsic to the medium significantly
impact the numerical simulation of wave propagatior.achieving an exact representation of
wave transmission through a medium the element size (size of the small volume components

that comprise the total volume of the model, in this sttheBse are little cubes), must be smaller
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than roughly ongenth to oneesighth of the wavelength related with the maximum frequency
component of the incident seismic wg®ebaaly, 2013frigure 310 explain the model element

shape and size.

oy Eq 318

X-axis

Y - axis

Figure 3.10: A cross section in 2D, the shape of the element, which is a square, and the size of the

element, which isrh in all axes, this shape and size of the element is applied to all models.

However, a small element size requires a larger number of elements and a smaller time step,
increasing the model simulation run time. Thus, when selecting the element size, one should

also take the computation time into consideration.

3. Mumerical modelling of the propagation of
Four models were developed, the first model is considered preliminary, and the seismic wave
source was applied to the entire bottom face of the méidehain purposevasto testand

validate the boundary conditions.

The remaining three models deviate from the initial model in various aspects, primarily in terms
of their mechanical properties and the seismic wave stagaton.Additionally, an expanded

array of control points has been incorporated. Notably, a crucial development in these
subsequent models involves the introductiorvaiimes with different propertie@bjects)

from the model within the modelled spaaedetailed in table 3.

Page p4



Background theory and method Chapter- 3

3.4.1Generation and analysis of synthetic data (Step2 & Step3):

The object chosen for the numerical model is steel, selected due to its prevalence in brownfield
sites. Steel's properties are wadticumentedn the table belowmaking it a reliable material

for simulations. This choice helps in understanding how stedérialsin brownfield sites

respond to seismic waves.

Concrete and PVC plastic are also common in brownfield areas, but the study was more
detailed on steel. This is due to some reasons, the most important of which is that the results

were close, as concrete was tested at a degtimof
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Table 31: Summarize the main characteristics of the modetsthe object

Model Model Dimensions  Element Seismic Source purpose

No, X, Y, 2 Dimensions Mechanical Properties frequency and
location

Shear Bulk modulus
Density modulus (Pa) (Pa)
(kg/m®)

1 100m x 80mx40m  1m x Imx1m 2000 7 x 10"9 26 x 1019 70 Hz, Applied at the To validate the
whole model base choice of boundary
( sine wave with half conditions
cycle)

2 50m x 70mx30m Im x Imx1m 2000 2x 10”8 4.4 x 108 20 Hz, Applied as Simulate the low
point on the model top Seismic Velocity
surface(sine wave Soil of Brownfield
with two cycles and  Site
half)

3 50m x 70mx30m Im x Imx1m 2100 1.42x 10"9 2.5x10"9 50 Hz, Applied as Simulate the
point on the model top medium Seismic
surface(sine wave Velocity Soil of
with two cycles and  Brownfield Site
half)

4 50m x 70mx30m Im x Imx1m 2000 7 x 10"9 20.8 x 10"9 70 Hz, Applied as Simulate the high
point on the model top Seismic Velocity
surface(sinewave Soil of Brownfield
with sixteencycles and Site
half)

Object (steel) Im x ImxIm ——-—-memmemeee 7700 25x10M0 40 x 10M0 e e

The mechanical properties and frequeddfer to allow for a range of seismic waves velocities to be used in detecting obje

different brownfield sites
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3.4.2Model 1

The main goal of building this preliminary model is to ensure that the seismic waves pass
through themodel without interference or distortion, as the source of the seismic waves was
applied to the entire bottom face of the model. The mechanical properties were chosen as in
table 31. As a testing ground for the implementation and validation of the quiet boundary

condition, it also makes sure that the model's boundaries allow seismic waves to propagate

without creating any unintended disturbances.

The origin of the coordinate axes for the FLR@nodel is at the bottom left corner as shown

in figure 311.

HLACD 700

Zone Group
| | Default=Brick1

| Default=FreeField
[l Defaut=FreeFieid_Comer

Model plane

\

100 m

-

v

Model column

/

’//Q@

"

Figure 3.11: The origin of the coordinate system and a homogeneous model's geometry. The conditions

at the fredfield boundary are represented by the "extended walls".

On the model's surface, three control points (v1, v2, v3) were chosen and set with equal

distances between therfigure 3.13 shows the monitoring points distribution on the model

surface.
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L

X

Figure 3.12: Monitoring points deployed at the surface of the mddel

The dynamic source & sinusoidal wave with a single cycle as the seismic wave source. It is

a sinusoidal wave with an amplitude of 0.001m, frequency of 70 Hz, and 0.00144 seconds in
duration. Choosing a frequency for the seismic wave source wave is based mainly on the
mechantal properties of the model and the element size of the model. The application of the
wave across the entire lower face of the model and in an upward direction provided the basis
for this decision. Making the decision to use a singdee cycle is consistent with the goal of
minimizing any potential wave interference that could result from using multiple waves,

particularly in relation to reflections from the free surface.

The mechanical properties of this model were chosen as harBasdd on these values, the
shear and primary velocity and wavelength were calculated, and it was also verified that the
wavelength of the seismic waves fulfils the equation of numerical models and allows the

passage of seismic waves inside the model withoutproblemss described belaw

Based on the Equation73and Equation 8, the shear and primary velocity is equal to:
X Wp 1w
cemm

w = 1870.828 m/sec
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. T

Q¢ @p Tt o X Dp 1w
cCmnm

w =4250.490m/sec

W

the wavelength can be calculated from the equation below:

Vs1870.828
f 70

ad ¢
To pass seismic waves without interference or distortion through this modsiz¢hef the
element must meet the conditi¢Abbasi et al., 2013)

ymO 81 (element size of the modelm inX Y Z direction)

Oy = 2([) C,\‘] Ug
Eq 319

Where:

Us -applied stress.

p = density.

Cs = speed of wave propagation through the medium

Vs = input particle velocity.

This equation indicates that the appkass in a material due to a wave is directly proportional

to the density of the material, the speed of the wave, and the particle velocity.

3.4.2.1Velocity history for homogenous model (model)

Figure 3.B, Figure 3.4, and Figure 33 show the velocity history at all three monitoring
points along the X, Y, and Z directions, respectively. All three stations recorded identical
velocities along the Z direction, as was expected of a homogeneous media (Figuréh1
maximum amplitude of the velocities recorded in the Z direction is double (0.002 m/s) the input
maximum amplitude (0.001 m/s). This was expected and reflects the free surface effect (on the
surface, both up going and the down goindeméd waves are exactly in phase and the
resultant amplitude is doubled). Because | had applied a quiet (viscous) boundary at the bottom
of the model, no reflections from the free surface that reach the bottom are reflected and as
such, the velocity at éhmonitoring points returns to zero, following the input waveform of the

source.
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Along the X and Y directions, no velocities were recorded at monitoring point V1 (the very
small amplitudes of the order of ¥m/sec shown in Figure Bland Figure 3.4 are due to
numerical effects). The absence of significant velocities in the X and Y directions is the result
of destructive interference between waves due to the signal being emitted from the full bottom
surface of the model, creating what could be erpldias multiple sources of the same
frequency that create concentric wavekis sinple model verified the choice of boundary

conditions, which are then adopted for the subsequent models.

X-Velocity at monitoring points V1,V2, and V3
0.0025
0.002
0.0015

0.001

w
Y
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Figure 3.13: Velocity history in Xdirection at monitoring stations V1, V2 and V3
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Y -Velocity at monitoring points V1,V2 and V3
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Figure 3.14:Velocity history in Y-direction at monitoring stations V1, V2 and V3

Z-velocity monitoring points V1,V2 ,and V3
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Figure 3.15: Velocity history in Zdirection at monitoring stations V1, V2 and V3
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3.4.3Model 271 Brownfield soil (lower threshold for seismic velocity range)

This model was built differently from the modglin terms of dimensions and mechanical
properties. In this model, 25 monitoring stations were deployed on the surface of the model,
with the distance between them w2 in all directions. It was designed in this way to record

the reflected seismic waves at different locations on the surface of the model, so that the paths
and reflections of the seismic wawasuld be trackednd to understand the impact of objects

on the properties of seismic wavésgure 3.5 below shows the monitoring points on the
modé surface. Two sites were designed A andvigh the monitoring points at site A are
positioned within less thaBOm from the seismic source, whereas at site B, the monitoring
points are situated more th@@maway from the seismic source (this discussed in more detail

in chapter). In this figure,only site A is shown.

\}
70 cm »

Figure 3.16: model dimensions andanitoring stations on the model surface

The calculations made during thassage of the seismic waves into the model were based on
the values of mechanical properties in the taldle Bnese values are comparable to values in
brownfields soi{Volpini, Douglas and Nielsen, 2021Based on the following equations, the

shear and primary velocity is equal to:

G Wp Yy
CTIT T
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w =3 1m®/sec

‘ T
Tdwp Y 5 ¢ Py
CTTT

&)

W =5 9m/sec

the wavelength can be calculated from the equation below:

Vs 316 3

Tt 20 Rl
To pass seismic wavedgthout interference or distortion through this model, the size of the
element must verify the numerical model equa8di8(Abbasi et al., 2013)

ymOL
YaOp® Y element sizéor modell 1m inX Y Z direction)

3.4.4Model 3i Brownfield soil (upper threshold for seismic velocity range)

This model was built with the same dimensionslaslel 2, with a difference in the mechanical
properties of the model and the properties of the seismic wave source. Because the mechanical
properties of the soil found in brownfields change from one site to another. For this reason, |
changed these mechaaliqroperties to cover possible changes in the soil, which led to an
increase in the velocity of the seismic waves, and a source of seismic waves with a higher
frequency than the second model. The geonmestds monitoring points of the current model

are identical to those of the preceding one, maintaining structural and spatial consistency.

Based on the mechanical property values in the tafhlec8lculations were done as seismic
waves propagates within the model. These values are comparable to those found in soil from

brownfields. Based on the following equations, the shear and primary velocity is equal to:

o = (& =822.31 misec

W , @ = 1446.4m/sec
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the wavelength can be calculated from the equation below:

5 Vs 822.8
f 50 P XM

To pass seismic waves without interference or distortion through this model, the size of the

element musterify the numerical model equati@bbasi et al., 2013)

YaO—
ymO 8  O( element sizéor model3 1m inX Y Z direction)

3.4.5Model 471 Brownfield soil (endthreshold for seismic velocity range)

This model's mechanical characteristics closely resemble those of sandstone, which is unusual
in brownfield settings. However, this model's development was done primarily to address
scenarios in which brownfields have very compacted soil compositionsmElchanical
characteristics of this model and the origin of the seismic waves that were applied to it are
different from the previous model. The geometry of the model remains the same. | consider it
the worst scenario in simulating seismic waves in browhBées because most brownfields

have mechanical properties of soil that is not solid.

Calculations were made based on the mechanical property values listed in thelitable 3.
simulate the propagation of seismic waves. The mechanical properties listed in the same table
are comparable to the soil of strong rock and have a higher hardness than the properties of the
soil that were simulated in the previous two models. In aecmelwith the equations provided,

the values for shear velocity and primary velocity are equivalent to:

W - , 0 = 1738 m/sec

W w = 3881m/sec

the wavelength can be calculated from the equation below:

Vs 1738
azT:X— act &y
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The size of the element must validate the numerical model equation for seismic waves to travel

through this model without interference or distort{@basi et al., 2013)

ymOL
YaOc8 i (element sizéor model4 1m in x y 2)

3.Analysis vefl oxeitymidat a

| tackled thisresearchrom two separate angles: the frequency domain and the time domain

3.5.1Time-Domain Seismic Analysis: Understanding Wave Interactions and Attenuation
Understanding seismic wave behaviour and eneliglyibution in timedomain analysis of

seismic waves depends on the study of wave properties changed by the presence of objects or
geological featurd€ui et al, 2021) The amplitude of seismic waves, which directly reflects

the seismic energy recorded by seismometers, was analydexl amplitude offers
understanding the energy of the seismaves(Poppeliers and Mallinson, 2015)

Seismic wave amplitude is influenced by several factors:

Medium Properties: Depending on the density, elasticity, and other physical characteristics
of the geological materials, seismic waves' amplitude ciogltaseor decreaseas they pass
through then{Lu and Wang, 2010)

Attenuation: A process known as attenuation occurs when seismic waves are absorbed by the
Earth's medium and lose energy as a result. The amplitude gradually decreases with increasing
distance from the source as a consequence of this energy loss. The charactetiséics o

materials that waves pass through affect the rate of atten(hitioet al, 2022)

Scattering: When seismic waves contact heterogeneities such as cracks, cavities, or variable
material qualities inside the Earth, they disperse in various directions. Scattering redistributes
wave energy, usually diminishing the amplitude of the direct Wieenogida and Benites,
2002)

3.5.2Spectral Analysis of Seismic Wave

Spectral analysigefers to analysis the frequency domaifPesaran, 2008 Dne approach to
achieve this objective is the conversion of data from the time domain to the frequency domain
is using either the Fourier transform or Welch's metteat. seismic wave analysis, where

signals are often noisy and netationary, Welch's method is preferred due to its robustness
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and capability to provide a more stable spectral est{®ayekoet al, 2021) The Power
Spectral Density (PSD) estimation method, particularly when applied to Welch's method. PSD
estimation helps to understand the distribution of power or energy within a signal across
various frequency componentsncovering patterns and trends within time series data and
identifying dominant frequencies that may hold critical informg&amiomon, 1991)

Utilizing the Welch method, the "welch" equation can be used to calculate a signal's power
spectral density (PSD). To get a more accurate estimation of the signal's frequency content

using this method, the signal is divided into overlapping segments, the periodograms of each
segment are calculated, and the resulting periodograms are then ayrtd&@oertson, 2019).

the best representation of seismic waves spectrum by using PSD which illustrates the power
measurements contact vs freque(Bgme et al., 2021).

Mathematically, the PSDr a(& can be expressed as:

2

£

Sea(f) = fZLj]% S w(n)z, (n)e 2N Eq3.20

af¢) is theda -the segment of the signa{¢)

0 (¢) is the window function applied to each segment.
0 is the length of each segment.

0 is the number of segments.

U is a normalization factor, typically the sum of the squares of the window furictini.e.,

. N-1 .
{,‘ — Z”_[} 'wz('f'bj. quﬂ

The signaki¢) is divided into0 overlapping segments.
Each segmenty (¢) is windowed with the window functioi ().

The Discrete Fourier Transform (DFT) is computed for each windowed segment.
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The magnitude squared of each DFT is computed to obtain the periodogram.
The periodograms are then averaged to produce thePf8ialestimate.

In MATLAB, this process has an-built function, Pwelch.

[Pxx, f] = pwelch (x, window, overlap, nfft, fs) Eq 3.2

The input arguments are:
x: Input signal vector
window: Window vector of length
overlap: Number of overlapped samples (used for DFT averaging)
nfft: Number of points in DFT
fs: Sample frequency in HN. Robertson, 2019).

The window lengthrefers to the number of data points or samples evaluated in each signal
segment during transformation. It effectively specifies the length of each section. A small
window collects finer details but has lower frequency resolution, whereas a longer window
captures broader characteristics with higher frequency resol(8@ni & Mehra, 2015)In

this research study, the selection of the window length was determined by the specific
characteristics of the seismic signals. Given that seismic signals are known for their rapid
changes, | opted for a smaller number of windows. These windows vesreiplied to all

velocities histories of seismic data that recorded fnomade2, model3, and model 4

Overlap: Overlap is the number of data points shared by each window segment with the
neighbouring segments. It is commonly represented as a percentage of the length of the
window. Overlapping windows help to prevent information loss at segment edges. In this study
an overlap value of 50% was used, which may increase or decrease slightly. It was applied to
the data obtained froiodels 2,3,and {Kisoharaet al, 2020)

Nfft (Number of Points in the Fast Fourier Transform): It's often set equal to or greater
thanthe window length N. Increasing nfft can provide finer frequency resolution in the output,
but it also increases computational compleg@ghmischke, 2010Common practice is to set
nfft equal to N when using the Discrete Fourier Transform (DFT) or its fast implementation.

In this study the nfft values bigger than window length. Using a larger nfft compared to the
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window length will result in better frequency resolution in the resulting power spectral density
(PSD) estimatgCerna & Harvey, 2000 his means | can distinguish between closely spaced

frequency components more accurately

Sampling frequency: Sampling frequency, measured in (Hz), represents the number of
samples taken per second from the continuous analogue sigmaplingfrequency in all
MATLAB analysis was calculated from each velocity history based on number
sample@Mutagi, 2014)

3. Malidation and verifi(cttemnd)of numeri cal

For several convincing reasons, conducting a field study is an essential component of my
research. For starters, a field study enables for direct observation and data collecting in real
world settings. Going into the field allows me to immerse myselfarettact conditions | want

to research. Thenajor goal of the series of experiments undertaken in the Stepps area is to
validate and corroborate the results gained from prior seismic wave models. Extensive
investigations were carried out throughout these simulations to determine the fundamental
fedures of seismic waves in the objects. Furthermore, the simulations sought to investigate

how the existence of buried objects alters these properties.

Field studies are essential for validating theoretical models and hypotheses generated in
controlled environments. When | obtained the results from the process of simulating seismic
waves using FLAC® software, it was necessary to go to the field and conduct some

experiments for some reasons:

Validation: Field experiments provide an opportunity to validate the results obtained from
simulations. Simulations are based on mathematical models that may have simplifications and
assumptions. Field data allow me to confirm the accuracy of these models andaagjust

parameters if needed.

Confirmation of Experiment: Field experiments offer a means to confirm whether the
characteristics of seismic waves observed in simulations aligns with field experiment results.

It's crucial to ensure that the simulation results accurately represent what occurs in the field.

Data Verification: Field experiments provide independent data that can be used to verify the
accuracy of the simulated data. This verification is essential for building confidence in the

simulation results and ensuring that they are reliable for further analysis.
More detailed on the field study are provided in chapter 5.
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Chapter 4 : Numerical simulation of seismic waves propagation
through media

4  IInt roducti on

The objective othis chapters to investigate the changes in the characteristics of seismic waves
when encountering buried objects in the ground and determine if these changes can be utilized
to identify thecharacteristicof such objectsThree numericalmodelsare presentedlhe

models are referred to asodel 2 model 3 andmodel 4 each having distinct mechanical
properties. The knowledge obtained from these simulatiangd inform surveystrategy.

4 Mo dsslet up

Three homogenous models the same dimensions and same ee@erte built(seeTable
3.1). Theonly differencebetween thenis only in the mechanical properties. The mechanical
properties of these modeisere chosen to match the mechanical properties of isddrown
field areas(as shown in Table B). Later on, an object, i.e., grid elements with different
mechanical properties assigned compared to the rest elements of the modatijetddche
dimensions of this objeeterel m long in the X direction, 1 m wide in the Mirection, and

1 m high in the 4 direction with its mechanical properties shown in tadl&

Table 41 Mechanical properties of steel material which representisutiedobject.

Shear modulusPa Bulk modulus Pa Density kg/m3
25 x 10710 40 x 1010 7700

Steel

All threemodels were subjected toseismic wavesimulatedby a sine waveThe sine wave

had a differenfrequency for each model, chosen to ensure stability in the numerical simulation
and be compatible to the chosen wave veloditye wave wasapplied as a single seismic
source, using two elements along the X direction and two elements along the Y dibection
the model surfacelhe sinusoidal waves had the same amplitudencdirid were sampled at a

rate of 1000 HZor all three models.

A total of 25 monitoring stations were deployed acemshot he t hr ee nbayel s6 s
were placedt a 2n spacing in both horizontal directioimsa grid geometry of 5 stations over

5 rows. This spacing ensures that the stations are close enough to accurately detect variations

in seismic wave behaviour, while also covering a large enough area for comprehensive data

collection.
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Two specific locations on the model surface, referred to as Site A and @ger8 4.1) were

Site A encompasses an area where all 25 monitoring stations are deployed withimeteB0
radius of the seismic source. This means that the monitoring stations at Site A are relatively

close to the seismic source.

Site B, is an area where all 25 monitoring stations are positioned at distances greater than 30
meters from the seismic source. These monitoring stations at Site B are comparatively farther
away from the source of seismic waviegreasing the distance to more than 30 meters was to

track the path of propagation and reflection of seismic waves

The choice of the two sites was based on expectations that there would be a change in the paths
of the seismic waves, but the change was also related to the deptlobjettiethe frequency

of the source of the seismic waves, and the mechanical properties of the medium.

Out of the total 25 monitoring stations deployed on the model suffdweye selected 15
monitoring stations for analysisThe monitoring stations asymmetrical with regards tine

source of the seismic waves, that's vamjy one sidevas considered for further analysis
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Figure 4.1: Site A and B locationen the modelThe distances between the monitoring stationsrare 2

s inboth horizontal directions with the monitoring points placed on the surface

Site A Site B
1 2 3 4 5 26 27 28 29 30
e 7 8 9 10 31 32 33 34 35

11 12 13 14 15 36 37 38 39 40

—» X

16 17 18 19 20 ——»y 41 42 43 44 45
21 22 23 24 25 46 47 48 49 50

Figure 422Numbering of the monitoring stations at

4 Model 2
4.3.1Material properties

The table below shows the material properties of the homogenous (nodbelried object)
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Table 42 : Input materiapropertiesor model 2

Shear Primary
Shear modulus Bulk modulus Density velocity velocity
Soil 1 (m/s) (m/s)
3
2x 10°8 Pa 44x10°8Pa  2000kg/m 316 594

4.3.2Dynamic input:

Figure4.3 showsthe seismic source input for modeIA sine wave with a frequency of 20 Hz
and an amplitude of 1 m/sppliedon the surface of the modalong the Zdirection. The
sinusoidawave was sampleat 1000 Hz

Seismic source 0.05 T T n

0.045 -
0.04 -
0.035
0.03
0.025
0.02
0.015 1
0.01

0.005 |-

Time(s) 0

40 45 50 55

Figure 4.3: a) The sinusoidal wave dynamic source applied to mddehlongZ-direction b) PSD of

seismic source

Figure 4.3a shows a 20 Hz seismic source, while 4.3b shows the PSD, indicating no frequency

change between recordings in homogenenodelandthe model with th@bject

Table 43: Shows the parameters udedeq 3.22 for model 2.

Window length Overlap % Nfft fs
Homogenous 30 20 1500 208
model
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Model with 300 100 1500 3918.6
buried object

In this case the surface of the object is at 1m depth from the surface. The mechanical properties
of theobject were given in table B.All other setup is exactly the same as for the homogenous

model.

4.3.3Resulisfor site A.

Homogenous modelfhe power spectral density (PSD) of these waves and frequencies was
analysed as described in chapteiR&sultsshow thatthe amplitude of the seismic waise
higher at stations closer to the source. As the distance froseigricsource increases, the
amplitudeof seismic waveslecreasesdemonstrating attenuatidfigure 4.4and 4.5. This
reduction is observed both in the time and frequency domEhiisoverall attenuation reflects

the spectral properties of seismic waves at/Aiteor the full velocity histories and PSD plots

for all 15 pointqseefigure 4.44.5 ,4.6.
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Figure 44: Homogenous modeYelocity history atstations:11i 15,11, (b) 6 i 10. The stationslosest to the sourchasthe largest wavamplitudes. Also
shown are the PSDs for statiogs 117 15 and(d) 61 10.
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Figure 4.5: Velocity history recorded at monitoring stations s1, s2, s3, s4, and s5 from the homogenous

model.
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Figure 4.6: PSD of the velocity history recorded at monitoring stations sl1, s2, s3, s4, and s5 in the

homogeneous model.
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4.3.4Model 2 with buried object

|.First scenario: The object at 1m depth
Figure 4.71 4.9 show theesults of the analysis for model 2 with a buried object at depth of
1m. As for the homogenous model, stations 1, 6 and 11 exhibit the highest amplitude (fig 4.7
a, b and 4.8) which is expected as they are the closest to the source. In contrast to the
homayenous model, in the present case the station with the second highest amplitude is station
13, located directly above the object (fig 4.7 a) is interpreting to note that the amplitude of
troughs is higher (in absolute terms) to that of station 11.iftlisates that the largest amount
of seismic energy was detected at this location. The primary reason for this high amplitude is
the small angle of incidence and reflection at this station, which results in most of the seismic
energy being reflected back t@3 Consequently, this station recorded not only the highest
amplitude but also the highest power spectral density (PSD) of the seismic tiwaes,
evident in the frequency vs. PSD platrther confirming the presence of the object directly

underneatlfsee figure 4ic).

In the analysis of the velocity history of seismic waves recorddtanonitoring stationsl,

s6, andsl1 recorded the highest because they are closest to the source of the seismic waves.
Regards to mnitoring stations s6, s7, s8, s9, and stdjon 8, locatedext toobject, recorded

ahighe waveamplitude amongs line of stationgfigure 47 b). This suggests that a significant
amount of seismic energy was detected at station s8. The presence of the nearby object
influenced théehaviourof the seismic waves, causing an increaseameamplitude(in time
domain)(detailed in chapter 3, sectionl3®). This is also reflected in the higher PSD values
recorded at station s8, indicating that tigect had impact on the propagation and energy

distribution of the seismic waves in its vicinity.

For monitoring stations s1, s2, s3, s4, and s5, located approximatety moreawayfrom
station 13 the influence of the object was lgg®nouncedif not insignificant.However,the
seismic waves that recordeds8tshowed some alterations in wave propagation characteristics,

indicating a minor yet detectable impact of the object compared to s1, s2, s4, and s5.

The maximum power spectral density amplitude recorded at station 13 which located above
the steel object is 7.1285 (m2/s2) /Hz (sefg 4.7).
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Figure 4.7:a) Model 2 with buried object at 1m deptWielocity histories at stations 115 show Station 13 with the largest wave amplitude, indicating higher
seismic energy due the buriedbjectb) Station 8, influenced bthenearby object, had the highest wave amplitude among stati@fg)/Station 13directly
abovethe objectexhibits thehighest PSD valual) Station 8 had a higher PSigakvalue than the other thregations (s7, s9, sldue to the nearby object.

S6 has a high PSD because itoés the clnesbiesdd station to source amongst
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Figure 4.8: Model 2 with buried object at 1m depth. Velodifigtory recorded at monitoring stations
sl, s2, s3, s4, and.s5
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Figure 4.9: Model 2 withburied object at 1m deptRSD of the velocity history at monitoring stations
sl, s2, s3, s4, and s5
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Il. Second scenario The object at 2m depth
The depth of the objecincreased to 12 from the model surface to the top of the object.
Monitoring station No. s13, directly above the objesthibitsthe highest amplitude, whether

in the time or frequencgomain

Similarly, monitoring station No. s8, locatethaway from the source, showed a higher wave

amplitude than nearby stations, suggesting stronger energy reflection at this point.

The power spectral density (PSD) at station No. s13 was the highest among the monitored
stations, confirming that the object ah 2lepthstill influenced seismic wave characteristics.

This observation was consistent at other stations, like s8, showing higher amplitudes and PSD
values, indicating that objects at this depth impact seismic wave proniearbystations.

The maximum PSxmplituderecorded at station 13 decreased from 7-Q8Em?/s%/)/ Hz

when the object was at a depth of tb 6.82E05 (m?/s/)/ Hz when the object depth increased

to 2m, representing a decrease of approximately 4.Z%@g&figure 4.1Q.
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Figure 4.10: a) Model 2 with buried object &m depth Velocity history comparison at stationsi1b shows Station 13, directly above the object,

with the highest wave amplitudg Station 8, 2 meters away, has a higher wave amplitude than stations 7, 9, and 10, reflecting the largest enem)y amount
The highest PSD value was recorded at Statioth) B3ation 8 recorded a higher PSD than stations 7, 9, and 10 dues to the nearby object.
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Figure 4.11: Model 2 with buried object &m depth. Velocityhistory recorded at monitoring stations

sl, s2, s3, s4, and s5 from the homogenous model.
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Figure 4.12: Model 2 with buried object &m depthPSD of thevelocity history recorded at monitoring

stations s1, s2, s3, s4, and s5
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[ll. Third scenario: The objectat 3m at depth

To investigate the impact on seismic wave propagation, the depth of the object was increased
to 3 m. Monitoring stations s11, s12, s13, s14, and s15 recorded velocities, with station No.
s13, directly above the object, showing distinct seismic wave characteristics due to reflection
alterations. Similarly, station No. s8, near the object, experienceficagt changes in wave

behaviourcompared to other statio(feggure 4.13).

At station No. s3, locatedfrom the object, there were minor variations in recorded velocities
and power spectral density (PSD), indicating a subtle influence from the object. Overall, the
object's presence at a depth af 8ontinues to affect seismic wave propagation and energy

distribution.

The power spectral densigmplitudeof seismic waves recorded at station No. s13, directly
above the object, decreased from 71820 5.79E05m?/s/)/Hz, representing a decrease of
approximately 18.69%his means that the seismic energy recorded at the surface of the model
decreased as the depth of tigectincreased(seefigure 4.13.
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Figure 4.13: a) Model 2 with buried object @m depth.Velocity histories at stations 115 show Station 13, directly above the object, still affected by its
presencéd) Station 8, 2 meters away, has a larger wave amplitude than stations 7, 9, and 10, detecting the object at tloisTdisthigieest PSD value was
recorded at Station 1B. Station 8 recorded a higher PSD than other stations due to the roizeuy.
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Figure 4.14: Velocity history recorded at monitoring stations s1, s2, s3, s4, and s5 from the homogenous

model.
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Figure 4.15. PSD of the velocity history recorded at monitoring stations s1, s2, s3, s4, and s5
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4.3.5Wave Propagation in Homogeneous and Heterogeneous Media: Travel Time,
Amplitude, and FrequencyAlterations

The results of the homogeneous model demonstrated that seismic waves propagated uniformly
through the subsurfacejith monitoring stations recording consistent velocity histories and
predictable attenuation of amplitudes as distance from the source increased. Power Spectral
Density (PSD) analysis confirmed uniform energy distribution, indicating the absence of
subsuréce anomalies. When a buried object was introduced into the model, significant changes
in wave propagation were obseryemplified seismic wae amplitudes and concentrated
energyat the monitoring stations positioned directly above or withia theters of the object.

For the homogeneous model, this time is consistent across all stations and reflects the
uniformity of the medium. When an object is introduced, the reflected wave behaves differently
based on the material properties, degftthe object. Upon reaching the buried object, part of

the seismic wave reflects batdward the surface while the rest continues to propagate. The
reflected wavemanifests itself as an increased amplitude of the recorded seismic wave at the
surface at monitoring statioagsmonitoring stations positioned directly above or near the object

due to the acoustic impedance contrast between the object and the surrounding material.

Figure 4.16 This figure shows the seismic wave travel path in a homogeneous medium. The
seismic waves are depicted traveling directly from the source to station No. s13, arriving at
approximately 0.089 seconds. The time it takes for the waves to travel through the

homogeneous medium is represented by the striamghpath, indicating the faster arrival

Figure 4.17 illustrates the seismic wave travel path in a model with the target. The waves travel
towards the object, reflect off it, and then continue to station No. s13, resulting in a longer
arrival time of0.095 seconds. The extra travel distance and the time spent reflecting at the
object are shown in this figure, indicating the delayed arrival time compared to the

homogeneousodel

The frequencies did not change in this simulation process because both the model and the object
were small angtach wasiomogeneous. This is in contrast to fieldwork scenarios where the

soil is often heterogeneous, leading to more complex and variable wave propagation.
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However, the amplitude of the seismic waves was noticeably higher when the object was
present. This increase in amplitude occurred because the waves, after interacting with the
object, were reflected and focused towards the monitoring station locatety ditex/e it.

The seismic waves observed in this study were shear waves, rather than compressional waves.
Shear waves are characterized by the direction of particle movement being perpendicular to the
direction of wave propagation. The specifiehaviourof shear waves, particularly in their
interaction with the object, plays a crucial role in how seismic energy is transmitted through
the medium and how it is detected by monitoring stations. This interaction highlights the
importance of understanding thyge of seismiavaves in play, as their properties dictate how
energy is reflected, focused, and ultimately measured.

Velcoity histories at station s13
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Figure 4.16: Model 2: The velocity history results at station 13 recorded from the homogenous model
(The red dot on the graph marks the maximum peak velocity observed at station s13, occurring at

approximately 0.89 second}p
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Figure 4.17: Model 2 with a buried object: The velocity history results at station 13 recorded from the
homogenous model with the object at 1 m d€ptre red dot on the graph marks the maximum peak

velocity observed at station s13, occurring at approximate\6@G€Sonds

The following section uses the results from Model 2 to explain the principle of the reflected
wave and support vertical incidence angle. For the calculations, the times of the maximum peak
particle velocity are used instead of the arrival times, as ttex kate difficult to pick with
accuracy because of the absence of impulsive arrivals. In the Homogeneous model 2, the time
it takes for the max peak to appear at Staslihis 0.089 sec. The same time for the Model

with the object at 1m depth is 0.086c. The difference between these two times is 6606

Here, the hypothesis is that this time difference is due to the time it takes for the wave to travel
from s13 to the top of the object and reflect back to s13{meoy t i me ot ) . I f th
is correct then this time should be consistent with the depth of the object for the given wave
speed. The time that the wave takes to travel from the surface at thE3topof the object is

pt / 2 = 0. 0d&c Usihg this tilne &n@ Bhe velocity of the seismic wave we can

calculate the distance travelled:
d = (ot [ 2) * v Equation 4. 1

d =0.003*316 = 0.948 m
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This distance of 0.948m is consistent with the actual object depth of 1m in this Model and
supports the hypothesis of the tway time and reflected wave path.

Table44:Shows the values for ot, v, and the depth

mpt 1 (pt opt 1 /[ 2

) ) ) ) Velocity )

Scenario First arrival time W Im- ot h  way travel Estimated depth (d)
Vv
model) time)
Homogeneous
0.089723545
Model 0.005560969 0.002780485 £
_ 316 ' ' € 0.9m

Object

0.095284514
Present (1 m)

4.3.6Resulisfor site B.
At this location, the distance between the source of the seismic waves and the monitoring
stations has been increased to more tham 3bie main purpose is to understand and track the

path of reflection and propagation of the seismic watdésnger distance

Homogenous modeResults are the same as for the homogenous model for sitenAvetihe

peak particle velocity is smaller compared to the values at site A , as expected , due to the
longer distance away from the source ( see plot in Appendix A the time domain of seismic
waves, it was observed that tbeismicwaves take longer to reach the monitoring stations,

indicating a delayn time (see Appendix AL).

4.3.7Site B: Model 2 with buried object

I.First scenaria The object at 1m depth
At this location, monitoring stations are positioned more than 88m the seismic wave

source, with an object situated ovenbaway.

Among the monitoring stations (s36, s37, s38, s39, and s40), station s38, located directly above
the object, recorded the highest wave amplitude. This indicates a pronagefieetion of

seismic energy from the object at stati@8.Similarly, at side monitoring stations (s26, s27,

s28, s29, and s30), station s28 recorded a higher wave amplitude, showing the object's influence

on seismic waveharacteristics
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The power spectral density (PSD) analysis further supports these observations. Station s38's
PSD curve, showing a higher peak or maximum value compared to other stations, suggests a

concentration of seismic energy due to the object's presence.

Stations positioned M or slightly more away show no noticeable effect from the object,
indicating its limited impact at that distance. The maximum BSiplituderecorded at station
s38, above the st(@¥) Ho(bep AppendixA).s 3.371 1015

Il. Secondscenario: Theobject at 2m depth

In this scenario, the depth of the object is increased by an additional meter from the surface of
the model to the top of the obje&ased on the theory of seismic wave propagation, it was
observed that as thabjectdepth increases, the angles of incidence and reflection decrease,

causing the waves to scatter and reflect in different directions.

Seismic waves recorded at various monitoring stations emaé/sedboth in the time and
frequency domains to study their frequency properties, which represent the amount of reflected
seismic energy. Among the monitoring stations s36, s37, s38, s39, and s40, station s38 recorded

the maximum wave amplitude, indicating sfgrant reflection from thebject

Further comparisons were made for stations s31, s32, s33, s34, and s35, where station s33
showed a higher wave amplitude, suggesting an impact on the wave pathoattios The

power spectral density (PSD) analysis revealed that station s38, directly above the object,
recorded the highest PSD value, while station s33 also showed a significant amount of reflected

seismic energy.

For stations s26, s27, s28, s29, and s30, no noticeable effect from the object was observed. The
wave amplitudes gradually decreased as the distance from the swmremsed The PSD

analysis for these stations confirmed that seismic energy was greater at stations closer to the
source and decreased progressively, indicating minimal influence from the object as these
stations were more than four meters away from it. The popestsml densityamplitudes38,

above the steel objecte cr eased f r @ 2BIED5 (B7FsT) 1HY, Trepresenting a
decrease of approximately 14.24%: (see Appends).A.

[ll. Third scenario: The object at 3m depth
Monitoring stations s36, s37, s38, s39, and s40 recorded varying wave amplitudes. Station s38,
located over the object, recorded a higher amplitude compared to others, except for station s36,

which, being closest to the source, recorded the highest adgptitie to receiving the strongest
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waves. Similarly, side monitoring station s31, 2m away from the object, recorded the highest
amplitude among its group, with station s33 also showing significant amplitudes.

The power spectral density (PSD) analysis shows that station s38 recorded a higher PSD
compared to others, except station s36. Similarly, station s33, a side monitoring station,
recorded higher PSD values compared to others, except satioMonitoring stations s26,

s27, s28, s29, and s30, positioned laterally and more tnaawdy from the object, showed
minimal influence from the object, indicating that its impact on seismic waves is negligible at
those locations. The power spectral denaityplitudedecreased38, above the steel object
from 3. 371 1-05(m&s?) /Hz,aeprésentir®) B decrease of approximately 20.18%
(see Appendix Ad).

4.3.8Seismicpower variation

In this research, alpower spectral densityaluesare obtained from the history of seismic
velocities after converting them to the frequency domain, anB$ikdirectly represents the
amount of seismipower of the signalThe PSDcurves that have a high amplitude represent

the highest amount of recorded seismic endrgthe previous sections, identifying the station

that exhibits the higher seismic energy was straightforward because the input seismic wave was
a simple sine wave with a single frequency. As such, theRaS®single peak. This not the

case for real seismic signals which are noisy and contain a range of frequencies. To identify
the location of highest energy in this case, requires a more robust approach, other than the
usually observedhaximum peakCalculating thepower of the signabf the seismic would be

a suitable way. This is can be achieved by calculating the area under PSD Thea®a

under the curves was calculated using MATLAB ahdwnin the tables below.

Note: the cells have been coloured based on the max PSD vidueach case (red) and

moving towards green as the values reduced compared to max value
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Site A

Table 45:Site A,Homogeneoumodel.

S21 0.0098 S16| 0.0101 S11| 0.0102 S6| 0.0101 S1| 0.0098
S22 0.0084 S17| 0.0084 S12( 0.0087 S7| 0.0084 S2| 0.0084
S23 0.0074 S18| 0.0075 S13| 0.0076 S8| 0.0075 S3| 0.0074
S24 0.0066 S19| 0.0067 S14( 0.0067 S9| 0.0067 S4| 0.0066
Ss 0.006 S20| 0.0061 S15| 0.0061 S10| 0.0061 S5( 0.006

Table 46: Site A- Model 2with object at 1m depth

S21| 0.000524| S16| 0.000516/ S11| 0.000511| S6| 0.000516/ S1| 0.000524
S22\ 0.000472| S17| 0.00044| S12| 0.000412] S7| 0.00044| S2| 0.000472
S23| 0.000458| S18| 0.000514| S13| 0.00058 S8| 0.000514| S3| 0.000458
S24| 0.000432| S19| 0.000449| S14| 0.000448] S9| 0.000449| S4| 0.000432
S25| 0.000394| S20| 0.000399| S15| 0.000401| S10| 0.000399| S5| 0.000394

Arranging the tables to reflect the deployment geometry at site B athe tables practically
represent d'heat" map indicating the location of the object. They at®yve asvisual
representation of the propagation of the wave (from top to bottom ireaghwayfrom the
source(sourceassumed to be at top of the tablE)ey also serve as visual representation of

the propagation of the wave (from top to bottom in each row) away from the source (source
assumed to be at top of the table) as shown ir€ig.3 (b) which is consistent with the colour
changes as shown in Table 4.5 for the homogeneous model (spherical spreading away from

source).

Table 4.7: Site A- Model 2 withburiedobject at2m depth

S21| 0.000524| S16| 0.000516| S11| 0.000511| S6| 0.000516/ S1| 0.000524
S22| 0.000472| S17 0.00044| S12| 0.000411| S7 0.00044| S2| 0.000472
S23| 0.000458| S18| 0.000513| S13| 0.000535/ S8| 0.000513| S3| 0.000458
S24| 0.000432| S19| 0.000449| S14| 0.000447| S9| 0.000449| S4| 0.000432
S25| 0.000431| S20| 0.000399| S15| 0.000401, S10| 0.000399| SS5| 0.000431
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Table 48: Site A- Model 2 with buried object &m depth

S21| 0.000522| S16| 0.000513| S11| 0.000509| S6| 0.000513| S1| 0.000522
S22| 0.000466| S17| 0.00044| S12| 0.000428| S7| 0.00044| S2| 0.000466
S23| 0.000458| S18| 0.000469| S13| 0.000488| S8| 0.000469| S3| 0.000458
S24| 0.000428| S19| 0.000428| S14| 0.000428| S9| 0.000428| S4| 0.000428
S25| 0.000383| S20| 0.000372| S15| 0.000368| S10| 0.000372| SS5| 0.000383

In a homogeneous medium, seismic wave radvatvard from the source in a spherical
pattern, distributing energy across the surface of an expanding sphere. As the wave front moves
farther from the source, its surface area increases significantly, causing the energy per unit area
(intensity) to decrase. This trend is evident in the recorded energy values presented in Table
4.5.

Stations in the first row (s1, s6, s11, s16, and s21), located approxirh@teters from the

source (site A), recorded the highest energy values, ranging from 0.0098 to 0.0102. At this
short distance, the wave front remains relatively small, concentrating energy over a limited
spherical surface. As the wave propagates outward, réicerded energy decreases
progressively. In the second row (s2, s7, s12, s17, and s22), energy values range from 0.0084
to 0.0087, while in the third row (s3, s8, s13, s18, s2®8), values fall between 0.0074 and
0.0076. By the fifth row (s5, s10, s15, s20, and s25), the energy drops to approximately 0.006.
This steady reduction illustrates how spherical spreading disperses energy over an expanding
surface area, leading to angistent attenuation of intensity. For instancel @imneters (first

row), station sl records an energy value of 0.0098, whereas at a greater distance (fifth row),

station s5 records 0.006.

This pattern aligns with the inverse square law governing spherical wave propagation. As the
radius of the wave front doubles, the energy is spread over four times the area, resulting in a
significant decrease in intensity. This relationship holds as dsngo additional energy loss
mechanisms, such as absorption, are present. The observed trend confirms that seismic energy
is most concentrated near the source and predictably diminishes with distance. The same
explanation applies across all tables, aspghtern of energy attenuation due to spherical

spreading remains consistent across varying distances and datasets.
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In the case of the model with the object, the propagation mechanism of seismic waves remains
constant and does not change, just as in the homogeneous model. Tsihte. a noticeable
change in recorded seismic energy when waves collide with the target. The highest energy
values are observed at the monitoring stations placed directly above the target, indicating that
a significant portion of the seismic energy is@amirated in this region upon interaction. This
suggests that the target alters the eneligiribution, leading to localized amplification at
specific stations. This pattern can be applied to all scenarios, as the interaction between seismic

waves and a target consistently results in energy concentration at specific locations.

Site B

Table 49: Site B, Homogeneous model.

A6 0.003| $41| 0.00352| 86| 0.00375| 81| 0.00352( 26 0.003
SA7|  0.00277| $A2| 0.00331| SB7| 0.00355| B2| 0.00331| 27| 0.00277
SA8|  0.00246| HA3| 0.00297| 88| 0.00319| B3| 0.00297| 28| 0.00246
SA9|  0.00205| HA4| 0.00245| SB9| 0.00263| B4| 0.00245| 29| 0.00205
0| 0.00192| HA5| 0.00223| S0| 0.00238| 35| 0.00223| B0| 0.00192

Table 410: Site B- Model 2 with buried object d&m depth

A6 | 0.000179] 1| 0.000204| 6| 0.000213| S31| 0.000204| 6| 0.000179
SA7| 0.000162| 2| 0.000184| 87| 0.000189| SB2| 0.000184| 27| 0.000162
A8 | 0.000155] HA3| 0.000212| 38| 0.000254| B3| 0.000212| 8| 0.000155
A9 | 0.000134| 4| 0.000173| SB9| 0.000188] B4 | 0.000173| 29| 0.000134
0| 0.000135 5| 0.000161| 0| 0.000173] SB5| 0.000161| 80| 0.000135
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Table 411: Site B- Model 2 with buried object &m depth

SA6 | 0.000179] $1| 0.000204| 36| 0.000213] 31| 0.000204| 26| 0.000179
SA7| 0.000161| 2| 0.000181| S37| 0.000186| S82| 0.000181| SZ | 0.000161
A8 | 0.000155 HA3| 0.000198| S38| 0.000219| 33| 0.000198 28| 0.000155
A9 | 0.000133| H4| 0.000166| 89| 0.000178| S84 | 0.000166| 9| 0.000133
0| 0.000132| 5| 0.000154| SA0| 0.000164| SB5| 0.000154| 0| 0.000132

Table 412 SiteB- Model 2 with buried object &m depth

SA6 | 0.000179] H1| 0.000205| 86| 0.000213| SB1| 0.000205 26| 0.000179
SA7| 0.000163| H2| 0.000175| 87| 0.000186| 82| 0.000175| SZ | 0.000163
A8 | 0.000154| HA3| 0.00019| 38| 0.000215| B3| 0.00019| 28| 0.000154
A9 | 0.000132| 4| 0.000161| 89| 0.000178| S84 | 0.000161| 29| 0.000132
S0 | 0.00013| 5| 0.00015| SA0| 0.000164| SB5| 0.00015| B0 | 0.00013

4.3.9Discussion of result§model 2)

At site (A), Table 46 shows that the area under the PSD curves for seismic waves recorded
from the homogeneous model is highest at monitoring stations close to the source and gradually
decreases due to spherical spreading. Addmgpject(steel)at a depth of 1 m, as shown in
Table 46, station No. s13, located directly above the object, recorded the highest PSD area
value (0.00058 m?/s2/Hz) compared to all other stations. Stations s8 andrsa®ag from

the object, also recorded high values affected bplipects presene.

In Table 47, with the object at a depth of the PSD area at station s13 decreased by
approximately 8.62%, from 0.00058 to 0.0085%/s?/Hz. The value also decreased at the side
monitoring stations as well. At a 3 m depth (Tabl®) dthe PSD area at station s13 further
decreased by approximately 7.92%, from 0.00053 to 0.000488 m2/s2/Hz. From 1 m to 3 m
depth, the total decrease in the PSD area is approximately 15T8@&%bjectcan be easily

detectedat a depth of 3 m and also at sidenitoringstations up to 2 away.
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When the distance between the seismic wave source and the monitoring stations exceeded 30
m (Site B), monitoring stations close to the sous26,s31,s38, ands41) recorded the highest

PSD values, as shovimTable 49. Compared to location A, the stations at location B recorded
lower seismic energy due to the spherical spreading of wave propagation. With an object 1 m
deep, station s38 recorded the highest PSD value (0.000254 m?/s2/Hz), confirming the object's
impact onthe seismic wave@able 410). At 2m depth stations38's PSD value decreased by
approximately 13.78% to 0.000219 m?/s?/Hable 4.1). At 3 m depth, the PSD value at
stations38 further decreased by approximately 1.83% to 0.000215 m?/s?/Hz (T4B)e 4.
Despite these decreases, the object can still be detected at a depth of 3 m and at a side

monitoring station 2n away.

When the seismic wave source distance exceededy 80me seismic energy dissipated.
Comparing stations s38, s33, and s28 showed an increase in energy from s38 to s28, attributed

to the increased reflection angle

4 Model 3
4.4.1 Material properties

In simulating seismic waves using this model, the mechanical properties of the model were
increased. By increasing these mechanical properties, | aimed to create a more accurate
representation of the actual soil conditions found in brownfi@lldesechanges in mechanical
properties could involve various factors such as increased dansishear modulus of the
materials used in the model. These adjustments are essential because soil properties can vary
significantly from one location to another, and the brownfietday have distinctive

characteristics that affect how seismic waves propagate through them.

By matching the model's mechanical properties to those found in the brown fields, the
simulation becomes more representative of theweald conditions. This allows for a more
accurate assessment of how seismic waves interact wittbjinets andoil properties present

in the brown fields, which is crucial for the reliability and validity of the seismic wave
simulationresults. Thechoice of mechanical properties for the model depends on the specific
application and the characteristics of the subsurf@ieg simulated. To ensure that seismic
waves propagate without distortion in numerical modelling, the mechanical properties should
be selected in a way that aligns with the governing equations and accurately represents the
behaviour of the subsurface nras. When modelling seismic waves with various speeds and

frequencies, it is crucial to take into consideration any difference in the mechanical
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characteristics of the soil at the brownfield sites. The mechanical properties are shown in the
table below(Volpini, Douglas and Nielsen, 2021)

Table 413: Input materialpropertiesor model3.

Shear Primary
Shear modulus  Bulk modulus Density velocity velocity

(m/s) (m/s)
Soil 2

1.42x 109 Pa 2.5x10"9 Pa 2100 kg/rﬁ’ 822.31 1446.4

4.4.2Dynamic input

Based on the provided information, Figuré&8 represents a dynamic input for the numerical
model. It shows a sine wave with a frequency of 50 Hz and an amplitude of 1 m/s. This sine
wave is used as a single seismic source applied to the surface of the model. The sampling

frequency for this sinusoidalave is given as 1000 Hz

Seismic source
1.5
1
0.5
0
RIS SR LGNS, A R AR R LI

_0.5 00 0. Qo Qo Qo Qo 0. Qo Qo 0 Qo Qo Qo 0. 0. Qo

Amplitude (m)

-1

-15
Time(s)

Figure 4.18. The sinusoidal wave dynamic source applied to m8dekthe Zdirection.

4.4.3Results

The results for this model shown here are limited to those obtained from spectral analysis as
these are the most important ones for detection of a buried object. The analysis steps are exactly
the same as model 2. All timiedomain plots are presentedAppendixB. The value for the

parameters used for the calculation of the R&Dshown in Table 441
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Table 414 Shows the parameters used for this case

Window length Overlap % Nfft fs
Homogenous 55 30 3500 660.9
model
Model with 150 100 3500 3914.3

buried object

4.4.4Results for site A.
homogenous modeResults are similar to those for homogenous of model 2 but the actual

values are different due to different mechanical properties.
For the complete velocity histories and PSD péets Appendix B.1).

4.4.5Model with buried object

I.First scenaria Object at 1m depth
In this mode| the sameobject with unchanged dimensions and mechanical properties was
added, while the speed and frequencies of seismic waves were increased. The goal was to
understand the seismic wave paths, reflections, and speltérades. Theesults showagain
that seismic waves recorded at monitoring station s13, directly above the object, exhibited
higher amplitudes, indicating the object's influence. Monitoring station s11, closest to the
seismic source, recorded the maximum wave amplitude anerpectral density (PSD). Side
monitoring stations, abo@ mfrom the object, were also affected, with station s8 recording a
higher waveamplitude. Thedrequency domain analysis revealed that station s13 had a high
PSD value, reflecting greater seismic energy, while station s11, near the source, had the highest
PSD value, indicating peak seismic energy due to proximity tedahece The highesPSD
amplitude valuerecorded at the monitoring statisi3 was 5.01ED5 (m?/s%) /Hz (see
Appendix B.2).

Il. Second Scenario: Object at 2m Depth

In this scenario, the object's depth is increased to 2 m to observe its influence on seismic waves
at site A. Monitoring station s13, directly above the object, recorded the highest wave
amplitude, second only to station s11 near the seismic source. &iitenng station s8, about

two meters from the object, also exhibited greater amplitude, indicating the object's continued

influence
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In the frequency domain, station s13 recorded the highest power spectral density (PSD),
suggesting significant seismic energy, while station s8 showed a slightly higher PSD compared
to other sidestations The absence of noticeable differences in seismic waveforms among the
stations in the time domain suggests that the object does not significantly impact wave
amplitudes. Similarly, no discernible differences in frequency content or PSD across the
stationsindicate that the object is not causing substantiadliifications to the seismic wave
frequencies. Overall, the object is still detected and influences the seismic waves, even at a
depth of 2n. The maximum PSRmplituderecorded at statiosl3 decreased from 5.0415
m?/s?2/Hz when thebject was at a depth of 1 meter to 3.708m?2/s2/Hz when the object depth
increased to 12, representing a decrease of approximately 26.(E&% Appendix B.3).

[ll. Third Scenario: Object at3m Depth

In this scenario, the object's depth is increasedrtdaa3determine if it can still be detected.
Monitoring station s13, located directly above the object, recorded a higher wave amplitude,
indicating the object still influences seismic wave propagation even at this.dgiptiarly,

station s8, near the object, showed a slight increase in wave amplitude compared to other

stations.

The frequency domain analysis revealed that the power spectral density (PSD) of seismic
waves decreases as the object's depth increases, indicating a reduction in energy content.
Notably, the PSD curves for stations s12 and s13 are similar, suggestitey sin@argy

distributions and impacts from the object at these locations.

In the time domain, there are no significant differences in seismic wave amplitudes among the
monitoring stations, suggesting that the object does not significantly impact wave amplitudes.
Similarly, the frequency domain comparison shows no discernilferetiices or anomalies in

the frequency content or PSD across the stations, indicating that the object does not cause
noticeable modifications or reflections of seismic wave frequendies maximum PSD
amplituderecorded at statiosll3 decreased from 5.04B5 m?2/s2/Hz when the object was at a
depth of In to 3.47E05 m2/s2/Hz when the object depth increasednp ®presenting a
decrease of approximately 30.94%&e Appendix B.4).

4.4.6Resultfor site B.
Homogenous modehs the distance between the source and the monitoring stations increases,
the seismic waves travel a longer path, resulting in a longer travel time. This can be observed

in the recorded arrival times of seismic waves at different stations. The time \aegbdhe
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arrival of the seismic waves at the source and the monitoring stations increases with distance

see Appendix B.5).

4.4.7Model with buried object

l. First scenario: Object at 1m depth
In the time domain, monitoring point s38, positioned over the object, shows seismic waves
with the highest amplitude, indicating the object's significant influence on the reflected waves
at this location. Similarly, monitoring station No. s33 records a notable increase in wave
amplitude, suggesting a noticeable effect of the object on the recorded seismic waves at this

station

In the frequency domain, the power spectral density (PSD) analysis reveals that monitoring
station s38 records a high PSD value, indicating significant energy content in the seismic waves
at this location. Monitoring station No. s33 also shows a higher\R&I2 compared to other
stations, reinforcing the observation that the object impacts the energy distribution across
frequenciesThe maximum PSRmplitudewas recorded at station s38lL$1E05 m?/s?/Hz

(see Appendix B).

Il. Second scenarioObject at 2m depth
In the time domain, seismic waves at station s36, closer to the seismic source, show higher
amplitudes due to less attenuation and geometric spreading. Monitoring station s38, positioned
directly above the object, records the highest wave amplitude arherggations, indicating
the object's significanitnpact. Forside monitoring stations, the seismic waves at station s33
exhibit a higher amplitude compared to other stations, suggesting that the object affects wave

reflection even at a distance of aboubtweters

In the frequency domain, monitoring station s36 shows a higher energy content in the PSD,
likely due to its proximity to the seismic source. Station s38 also records a higher PSD value,
reflecting the object's clear impact on energy distribution. Moniasiation s33 receives more

seismic energy compared to otlséations

However, in the additional comparisons, there is no discernible effect of the object on side
stations located approximatefymeters or more away from the object, indicating that the

object's influence diminishes with distandéhe maximum power spectral density (PSD)
amplitudeat st ati on 38, | ocated directly above t
when the objectwas atadepthaift o 1. 42ET1 05 m] / s|] / Hz when t he
2m, representing a decrease of approximately 11.868&Appendix B.7).
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lll. Third scenario: Objectat 3m depth
In the time domain, seismic waves at monitoring station s38 show a decrease in amplitude with
the increased depth of the objecBin. This decrease suggests that the object's depth influences
the amplitude of seismic waves at ttation Similarly, the decrease in wave amplitude at
monitoring station s33 is due to wave attenuation, scattering, energy absorption, or dispersion

caused by the object's deepesition

In the frequency domain, the power spectral density (PSD) shows andeopplitude at
monitoring station s38, indicating that the object's deeper location affects the energy level of
the seismic waves detected at this station. The deeper object hdwt erglact on the spectral
characteristics of seismic waves, suggesting minimal alteration in the frequency content or

distribution of the waves.

Additionally, no discernible effect from the object is noted on the seismic waves recorded at
the side stations located approximately four meters or more from the object. These side stations
do not exhibit significant changes in their recorded seismic whaaeacteristiche maximum

power spectral density (PSD) at station 38, located directly above the object, decreased from
1.61E05 m?/s2/Hz when the object was at a depthnotd 1.32E05 m?/s2/Hz when the object

was at a depth of 2 m, representing a éase of approximately 18.01%ee Appendix ).

4.4.8Seismicpower variation
Note: the cells have been coloured based on the max PSD value for each case (red) and

moving towards green as the values reduced compared to max value
Site A

Table 415: Site A- homogeneous model.

S21| 0.0114444( Si6( 0.011737 S11|0.011844 S6( 0.011737 S1|0.011444
S22| 0.0098736[ S17( 0.010067f S12|0.010136 S7( 0.010067 S2| 0.009874
S23| 0.0085535( S18( 0.008698[ S13| 0.008747 S8 0.008698 S3| 0.008553
S24| 0.0074093( S19( 0.007533| S14| 0.007574 S9( 0.007533 S4| 0.007409
S25| 0.0063933( S20( 0.006506( S15| 0.006543 S10| 0.006506 S5| 0.006393
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Table 416: Site A- Model 3 with buriedobject atlm depth
S21| 0.001564 S16| 0.001561 S11| 0.00155 S6( 0.001561 S1| 0.001564
S22( 0.0012333 S17( 0.001185 S12( 0.001113 S7| 0.001185 S2| 0.001233
S23( 0.001079 S18( 0.001222 S13( 0.0015 S8| 0.001222 S3| 0.001079
S24( 0.0009635 S19( 0.001019 S14( 0.001017 S9| 0.001019 S41 0.000964
S25| 0.0008601 S20| 0.000899 S15| 0.000911 S10| 0.000899 S5| 0.00086
Table 417: Site A- Model 3 with buriedobject at2zm depth
S21| 0.0015511 S16| 0.001535 S11| 0.001524 S6( 0.001535 S1| 0.001551
S22( 0.001282 S17( 0.001219 S12( 0.00117 S7| 0.001219 S2| 0.001282
S23( 0.0012121 S18( 0.001288 S13( 0.001342 S8| 0.001288 S3| 0.001212
S24| 0.0011258 S19| 0.001143 S14| 0.001137 S9( 0.001143 S4( 0.001126
S25( 0.0010228 S20| 0.001024 S15| 0.001019 S10{ 0.001024 S5| 0.001023
Table 418: Site A- Model 3 with buried object &m depth
S21| 0.0015511 S16| 0.001535 S11| 0.001537 S6| 0.001543 S1| 0.001554
S22| 0.001282 S17| 0.001219 S12| 0.001199 S7( 0.001229 S2| 0.001282
S23| 0.0012121 S18| 0.001288 S13| 0.001B7 S8| 0.00124 S3| 0.001205
S24| 0.0011258 S19| 0.001143 S14| 0.001128 S9| 0.001127 S4| 0.001117
S25| 0.0010228 S20| 0.001024 S15| 9.91E04 S10| 9.99E04 S5| 0.00101
Site B
Table 419: SiteB - homogeneous model.
S46| 0.0029983 S41| 0.003283 S36| 0.003397 S31| 0.003283 S26| 0.002998
S47| 0.0026277 S42| 0.002884 S37| 0.002989 S32| 0.002884 S27] 0.002628
S48| 0.0022937 S43| 0.002511 S38| 0.002603 S33| 0.002511 S28| 0.002294
S49( 0.0019467 S44( 0.002118 S39( 0.002192 S34( 0.002118 S29( 0.001947
S50( 0.00166 S45( 0.001789 S40( 0.001845 S35( 0.001789 S30[ 0.00166
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Table 420: SiteB - Model 3 with buried object &m depth

S46( 0.0007017 S41( 0.000779 S36| 0.000806 S31| 0.000779 S26( 0.000702
S47( 0.0005958 S42( 0.000659 S37| 0.000668 S32| 0.000659 S27| 0.000596
S48( 0.0005433 S43( 0.000701 S38| 0.000812 S33| 0.000701 S28( 0.000543
S49( 0.0004855 S44( 0.000583 S39| 0.000617 S34| 0.000583 S29] 0.000485
S50| 0.0004627 S45] 0.000529 S40| 0.000561 S35| 0.000529 S30] 0.000463

Table 421: SiteB - Model 3 with buried object &m depth

S46| 0.0007054 S41| 0.00078 S36| 0.000564 S31| 0.00078 S26| 0.000705
S47| 0.0005905 S42| 0.000646 S37| 0.00046 S32| 0.000646 S27| 0.00059
S48| 0.0005421 S43| 0.000659 S38| 0.0005 S33| 0.000659 S28] 0.000542
S49| 0.0004829 S44| 0.000565 S39| 0.000417 S34| 0.000565 S29] 0.000483
S50| 0.0004562 S45] 0.000511 S40] 0.000375 S35| 0.000511 S30| 0.000456

Table 422: SiteB - Model 3 with buried object &m depth

S46| 0.1820326 S41| 0.000786 S36| 0.000571 S31| 0.000786 S26] 0.182033
S47] 0.1203673 S42| 0.000655 S37| 0.000472 S32| 0.000655 S27] 0.120367
S48| 0.0661582 S43| 0.000631 S38| 0.000474 S33| 0.000631 S28] 0.066158
S49| 0.0004829 S44| 0.00055 S39| 0.000406 S34| 0.00055 S29] 0.000483
S50| 0.0445942 S45| 0.000498 S40] 0.000364 S35| 0.000498 S30| 0.044594

4.4.9Discussion of resultgmodel 3)

At site A, represented in Table §,1the area under the PSD curves from the homogeneous
model shows that monitoring stations (s1, s6, s11, s16, and s21) closest to the wave emission
source recorded the largest average value of 0.01164128 m?/s?/Hz, while farther stations
recorded an averagef 0.00646826 m?2/s?/Hz. Table &.1shows the PSD area for the
homogeneous model with a steel object 1m below the surface. Station s13, directly above the

object, recorded 0.0015 m?/s?/Hz, indicating the object's signifitnpact on seismic wave
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characteristics. Symmetrical statiosBsandsl8, approximately2m away, recorded 0.001222
m?2/s?/Hz, confirming object detection at side stations. When the object's depth incré&ased to

the PSD area at station No. 13 decreased by 10.53% to 0.001342 m?/s?/Hz, and further to
0.001287 m?/s?/Hz @&m, a total decrease of 14.20%. Despite these decreases, object detection

remains clear.

4 Model 4

4.5.1Material properties

In this model, there have been specific changes made to the mechanical properties and the
source of seismic waves while keeping the dimensions and element size consistent with the
previous models. The adjustmeirslude increasing the velocities of the shear waves to 1783
m/s and increasing the frequency of the sine wave applied to the surface of the model (70 Hz).
By increasing the velocities of the shear waves, the seismic waves in the model will propagate
at afaster rate compared to the previous models. This can have implications for tHe overa
characteristics of the seismic waves, including their amplitude, frequency content, and energy

distribution. The mechanical properties of the homogenous model are shdalole 423.

Table 423: Input material properties fanodel4.

Shear Primary

Shear modulus  Bulk modulus Density velocity velocity
Soil 3 (m/s) (m/s)
3
7 x 10"9Pa 20.8 x 1009 pa 2000 kg/m 1783 3881

4.5.2Dynamic input:

The seismic source is represented by a basic waveform mode, specifically a sine wave. Figure
4.19illustrates a sine wave with an amplitude of 1 m and a frequency of 70 Hz. The sine wave

is applied to the surface of the model as a single seismic source. The sine wave is sampled at a
rate of 1000 Hz, meaning that 1000 samples per second are takeartbthe waveform. To
implement the sine wave input on the model surface, two elements are used along the X
direction and two elements along the Y direction. This arrangement helps ensure that the
seismic wave is properly distributed and propagated thiamitghe model In this model, a

seismic wave source using a sine wave with more cycles was applied, unlike in the previous
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models. This was done to observe any changes in the results due to the increased number of

sine wave cycles.

Seismic source
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Figure 4.19: The sinusoidal wave dynamic source applied to the model in-thiee&ion.

4.5.3Results

The results for this model shown here are limited to those obtained from spectral analysis as
these are the most important ones for detection of a buried object. The analysis steps are exactly
the same as model 2. All timiedomain plots are presented ip@endix. The value for the

parameters used for the calculation of the PSD are shown in Table 4.

Table 424: Shows the parameters used in this case

Window length Overlap % Nfft fs
Homogenous 200 100 1000 1750
model
Model with 200 100 1000 3993
buried object
4.5.4Results site A.

Homogenous modeResults are similar tthose for homogenous of model 3 but the actual

values are different due to different mechanical properties.

For the complete velocity histories and PSD péats (AppendixC.1).
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4.5.5Model with buried object

l.First scenaria: Object at 1m depth
Monitoring station s11, being closest to the source, recorded the highest amplitude of seismic
waves, followed sequentially by stations s12 and s13. Notably, station s13 recorded the highest
wave amplitude compared to stations s12, s14, and s15, indigegetgr energy at this station.

The effect of the object on seismic waves is further highlighted by the recordings at station s8,
which showed a higher wave amplitude. Station s11, close to the wave source, recorded the
highest PSD value, indicating a higher concentration of energysabm&equency range. The
presence of the object beneath station s13 resulted in a higher PSD amplitude compared to
stations s12, s14, and s15, demonstrating the object's influence on energy distribution.

In summary, the addition of the steel object significantly affected the seismic wave properties,
particularly at station s13. In contrast, side stations located approxirdaidipm the object
showed no significant impact on thecorded seismic wavésee Appendix C.2)

Il. Second scenaridbject at 2m depth

Increasing the object's deptham from the surface aims to investigate how depth affects the
spectral characteristics, trajectories, and reflections of seismic waves. This modification
provides insights into how t hebehavbjrimche s de|

surrounding medium.

The comparison of seismic waves in the time domain reveals that the wave amplitude recorded
at monitoring station s13 decreases with the object Zinaepth. Additionally, the PSD
amplitude at station s13, located directly above the object, also decreases, indicating reduced
seismic energy in that frequency range. Despite this decrease, objeats @t atl2 can still be
detected due to changes in seismic wave characteristics and interactions, such as attenuation

and scattering.

For side monitoring stations located approximataty or slightly more from the object, no
significant effects on seismic wave properties are observed in both the time and frequency
domains. Similarly, the farthest side monitoring stations (sl, s2, s3, s4, and s5) show no
discernible impact from the objeat seismic waves. As the distance from the source increases,

seismic energy gradually decreases.
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In the study, it is noted that at a depttRof, the object can still be detected at the monitoring
station directly above it and nearby side stations. However, beyond this depth, the effects on

seismic waves may not be significant enough for detection (see AppeBilix C.

4 5.6Results forsite B.
4.5.7Model with buried object

l. First scenaria: Object at 1m depth
Based on the recorded seismic data at monitoring sites s36, s37, s38, s39, and s40, several key
observations can be made. Firstly, monitoring station s36, being closest to the seismic source,
records theshortest arrival time for seismic waves due to its proximity. Secondly, station s38,
which is directly above the object, records a high wave amplitude, indicating significant
seismic energy interaction with the object. The power spectral density (PSixisuhatther
reveals a higher PSD value at station s38, suggesting increased energy content due to reflection
or scattering by the object. Additionally, when comparing seismic waves at monitoring stations
s31, s32, s33, s34, and s35, which are side stdticated th or more from the object, station
s33, adjacent to the object, records the highest wave amplitude among these stations. The PSD
comparison shows that station s33 has the highest PSD amplitude, indicating detectable seismic
signals originating from the olgeand a significant impact on this station. Notably, the effect
of the object on the seismic waves is observable even at the farthest monitoring stations, located

more thardm away, in both the time and frequency domains (see Append)x C.

Il. Second scenarioObject at 2m depth

In this scenario, the object is sBlDmfrom the seismic source, but its depth has been increased

to 2m. This adjustment aims to study the effect of depth on the spectral properties and
trajectories of seismic waves. Monitoring station s36, being closer to the seismic source,
records a higher wave amplitude compared to station s40, which is further aatepn S38,

directly above the object, also shows a high wave amplitude, indicating significant seismic
energy at this location. The power spectral dgmmalysis shows that s38 recorded the highest
seismic energy among the five stations, suggesting a stronger impact due to the object's
proximity 2m below. A comparison of seismic waves at stations s31 to s35 reveals that the
object still influences the recordings @radepth, with s33 showing a notably high amplitude.

This indicates the object's presence or activity can be detected by side stations. Even at the
farthest monitoring stations, more théamfrom the object, the effect is noticeable botltinme

and frequency domains. Station s28, the farthest, recorded higher seismic energy than the
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others, demonstrating that waves reflected from the object retain detectable energy over
significantdistancegsee Appendix G).

4.5.8Seismic power variation
Note: the cells have been coloured based on the max PSD value for each case (red) and

moving towards green as the values reduced compared to max value
Site A

Table 425: Site A- Model 4 with buried object at 1m depth

S21( 0.0012546 S16( 0.001393 S11| 0.001448 S6| 0.001393 S1| 0.001255
S22| 0.0011019 S17( 0.001204 S12| 0.001259 S7]0.001204 S2| 0.001102
i 0.001 S18( 0.001151 S13| 0.001466 S8| 0.001151 S3 0.001
S24| 0.0008307 S19| 0.000889 S14| 0.000922 S9| 0.000889 S4| 0.000831
S25| 0.0006099 S20| 0.00063 S15| 0.000639 S10| 0.00063 S5| 0.00061

Table 426: Site A- Model 4 with buried object a2m depth

S21| 0.0012422 S16| 0.001376 S11| 0.001428 S6| 0.001376 S1| 0.001242
S22| 0.0010893 S17| 0.001192 S12| 0.001239 S7(0.001192 S2| 0.001089
S23| 0.0009977 S18| 0.001125 S13| 0.001217 S8 0.001125 S3| 0.000998
S24| 0.0008335 S19| 0.000906 S14| 0.000948 S9| 0.000906 S4| 0.000834
S25| 0.0006099 S20| 0.00063 S15| 0.000638 S10| 0.00063 S5| 0.00061

Site B

Table 427: Site B - Model 4 with buried object at 1m depth

S46| 0.0006178 S41| 0.000615 S36| 0.000613 S31| 0.000615 S26| 0.000618
S47| 0.0005978 S42| 0.000602 S37| 0.000604 S32| 0.000602 S27] 0.000598
S48| 0.0006699 S43| 0.000697 S38| 0.000739 S33| 0.000697 S28| 0.00067
S49| 0.0004965 S441 0.000497 S39| 0.000499 S34| 0.000497 S29] 0.000496
S50| 0.0004782 S45| 0.000484 S40| 0.000486 S35] 0.000484 S30| 0.000478

Page [LO7



Numerical simulation of seismic waves propagation through media Chagter

Table 428: Site B - Model 4 with buried object &m depth

S46| 0.0006162 S41| 0.000612 S36| 0.000611 S31| 0.000612 S26| 0.000616
S47| 0.0005962 S42| 0.000598 S37| 0.000599 S32| 0.000598 S27] 0.000596

S48| 0.0006679 S43 S38 S33 S28| 0.000668
S49 S44 S39| 0.000617 S34 S29
S50 S45 S40| 0.000561 S35 S30

4.5.9Discussion of results (moded)

At site A, closer to the seismic wave source, objects were detectable only directly above the
monitoring stations up to a depthIoh, with no noticeable impact on the side stations located
2maway. In contrast, at site B, which is further from the source, the decreased velocity and
spherical spreading of the waves allowed for object detection at a d&thaof at distances
exceedingtm from the side monitoring stations.

4 Soummary of Seismic Wave Simulation

Table 429 Results ofnumericalsimulations and the effect of seismic wave source locations on the
wave characteristics with changing speeds and frequefiencoloursignifies the potential to detect
objects, rectolourindicates the incapacity to identify objedBack colour indicates that thabjectis

not simulated athis depth.The orange colour indicates thhe methodology followed in this chapter.

Site A (< 30 m distance from the source)

Model Seismic Shear Potential for detecting objects at monitoring Possibility of detecting objects
name source velocity station located directly above the objects at side monitoring stations
frequency (m/s) (lateral distance)
(Hz)
@ 1m @ 2m @ 3m @ 2m @ 4m
depth depth depth From object From object
Model 2 20
Model 3 50
Model 4 70

Site B ( >50 m distance from the source)

Model 3 50
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4 Flurther investnugmdri ional bsisoeddd [otn2 o n s

To account for the variability in soils and their mechanical properties within brownfields, three
distinct models were created to simulate objects buried in the subsurface. Each model was
designed with different mechanical properties to represent thesdigeil conditions found
across various locations within brownfields. To assess the characteristics of seismic waves in
these different scenarios, sources of seismic waves with varying velocities were applied to each

model.

Out of the three models, thmodel 2most closely matched the soil characteristics seen in
brownfield areas. It was purposefully chosen to be the focal fhaimvestigationgresented
belowbecause of this similarity. Site A was selected since the distance between the source and
the observation points is less thannB0Using the second model as a framework. The
simulation process aimed to understand the influence of the mechanical characteristics of the
soil on seismic wave propagation, reflection, andttering.Important inquiries about the
behaviour of seismic waves in this model were responded to throughout this extended
investigation. The detectability amigtectof objects buried at different depths were explored,
along with the influence of object size on seismic energy distribution and the impact of varying
seismic velocities on wave propagation. By incorporating steel and concrete objects,
observations were rda regarding how the properties of these materials interacted with seismic

waves, affedhg wave propagation, reflection, and scattering within the subsurface.

4.7.1 How does the size of an object impact the reflection and transmission of seismic
energy?

To answer this questigphhaveused a steel objeof varying sizeThe steel object hadaibe
shape. Thesize of thecube was the only aspect that changethe model everything else

remainedhe same

Table 430: Shows thesteelobjectdimensions.

Di men@Gi@mnx, vy,
Object 1 80 cm
Object 2 1 m
Obj ect 3 1.5 m
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Observation station N&l3 has been selected as it is directly located above the dbroe
4.20 illustrates the effects of three different sizes of the object located at a deptihaof
seismic wave energies. Notably, tR8D amplitudeecorded in the case of the 80 cm size
appears significantly larger compared toR&D amplitudeecorded for therh and 1.5n sizes

of the object.

The analysis shows that subsurface object size and depth significantly affect seismic wave
characteristics, as seen in Power Spectral Density (R@pljtudevalues. ThePSD amplitude

values for the 80 cm and 1.5 m objects show a consistent pattern across all depths. At 1 m
depth, the PSD for the 80 cm object is approxima@edp00888In3/s3/Hz, while for the 1.5

m object, it is aroun®.0000692m?/s3/Hz. At 2 m depth, the PS&mplitudefor the 80 cm

object is0.00008268n?/s3/Hz, compared t0.0000580m2/s3/Hz for the 1.5 m object. At 3 m
depth, the 80 cm object records a PS.00008067m?3/s3/Hz, while the 1.5 m object has a
lower value 0f0.00005318n2/s3/Hz. Across all depths, the 80 cm object consistently produces
higher PSDamplitudevalues, and both objects show a decrease in &8plitudeas depth
increasegsee figure £0). Thisindicates that larger objects scatter and absorb more seismic
energy, reducing the energy reflected back to the surface. Additionally, maximum PSD
amplitudevalues decrease slightly with increasing depth, meaning that shallower objects have
a more pronounced effect on seismic wave reflections. Therefore, smaller and shallower
objects are more detectable due to their higher PSD impact, while larger and algepisr
require more sensitive detection techniques. This highlights the importance of condidéring

size and depth in seismic detection applications.

The discrepancy in energy can be explained by two possible scenarios. Firstly, for smaller
objects, seismic waves may have been minimally affected, allowing a larger portion of seismic
energy to pass through the model. Alternatively, significant reflectiageismic waves near

the monitoring station could have resulted in a higher proportion of reflected energy being

detected in the recordings.

In contrast, for larger objects, the recorded seismic energy is relatively lower. This can be
attributed to two factors. Firstly, seismic waves may have encountered the edge of the object,
causing a significant portion to be reflected before reaching \aiiger station No. s13,

thereby diverting energy away from the station. Secondly, the larger object size leads to the
dispersion of seismic energy in multiple directions, causing the energy to be spread over a

wider area and resulting in decreased energgl$ at the observation station.
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Maximum PSD at station 43
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mHomogenous m80cm ml1lm 1.5m

object size

Figure 4.20: Maximumof PSDamplitudeat monitoring statios13.

4.7.2What is the maximum depth at which objects can be identified or captured through

the study of seismic wave properties?

4.7.2.1In case the object size (steel properties) 8 cm x 80 cm x 80 cm

To address this questiosgme analyses conducted whickoisusing on monitoring station No.

s13, which is situated directly above the object. It should be noted that the abdigyetct
objects at specific depths is contingent upon the size of the object itself. To illustrate this
relationship,] examined a figure where the object size was set at 80 cm and positioned at a

depth ofim.
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Maximum PSD of seismic waves that recorded at some mointoring
station s11,s12,s13,s14, and €15

sl1l sl2

s13 sl4 s15
Station number

0.00014
0.00012

0.0001
0.00008

0.00006

PSD(n#/$)Hz

0.00004
0.00002

0

® homogenous model ®Model with object

Figure 4.21: Maximum PSD value at station s.$15.Station s13, positioned directly above the object,
displays the highest values among most stations. However, station s11 records the highest overall value

due to its closer proximity to the seismic soufdde object is 1m depth).

Maximum PSD of seismic waves that recorded at some mointoring
station s11,s12,s13,s14, and €15

0.00014
0.00012
0.0001

0.00008
0.00006
0.00004
0.00002
0
sl1 s12 s13 sl4 s15

Station number

PSD(n/<?/)Hz

® homogenous model ®Model with object

Figure 422 Maximum PSD value at station s11s15. Station sl3positioned directly above the
object, displays a decrease in P&ue (object at 2m depth).
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Maximum PSD of seismic waves that recorded at some mointoring station
11,12,13,14and 15

0.00014
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0.00008
0.00006
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Figure 4.23: Maximum PSD value at station sL$15. Station s13ositioned directly above the object,
displays a decrease in PSBlue (object at 3m depth).

The analysis of the figures shows a substantial decrease in the detectability of objects smaller
than 1m, with PSD values dropping significantly for these smaller objects. This reduction
indicates that smaller objects have a diminished impact on seismé refections, making

their detection challenging. The figures demonstrate that such objects can only be reliably
detected within a maximum depth of 1m. Beyond this depth, the PSD values are too low to

distinguish these objects from background noise, ticatpg their identification.
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4.7.2.2In the case of the object (steel properties) siZem x 1 m x 1 m

Maximum PSD of seismic waves that recorded at some mointoring
station11,12,13,14and 15

sll s12 s13 sl4 s15

Station number

0.00014
0.00012

0.0001
0.00008
0.00006
0.00004
0.00002

0

PSD(n/&/)Hz

m homogenous model m Model with object

Figure 4.24: Maximum PSD value at station s.$15. Station s13, positioned directly above the object,
displays a decrease in PSD value. (objedtatepth).

Maximum PSD of seismic waves that recorded at some mointoring
station11,12,13,14and 15
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0.0001

0.00008
0.00006
0.00004
0.00002
0
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Station number

PSD(n#/s/)Hz

®homogenous model ®Model with object

Figure 4.25: Maximum PSD value at station sl $15. Station s13, positioned directly above the object,

displays a decrease in PSD value. (obje@hatiepth).
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Maximum PSD of seismic waves that recorded at some mointoring
station11,12,13,14and 15
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Figure 4.26: Maximum PSD value at station s.$15. Station s13, positioned directly above the object,

displays a decrease in PSD value. (obje8matepth).

The analysis conducted with an object sizelof in the X, Y, and Z directions reveals
compelling findings regarding its detectability. It has been observed that the objects can be
successfully detected at depths of up3ta when utilizing a monitoring station directly

positioned above the object, specifically represented by monitoring sshion

Theresults show that the object's presence can still be reliably detected at significant depths,
as seismic waves propagate through the subsurface to the monitoring station. Data from station

s13 consistently reveals clear indicators of the object, everpsidereases.

When the object size wa® cm x 80 cm x 80 cnthe highest power spectral density (PSD)
amplituderecorded was 8.89 x 10&m?/s?/Hz at statiosl3 (figure 426). In comparison, for
objectssizedlm x 1 m x 1 mthe PSD values were 7.15 x 28En2/s2/Hz. Despite these higher
PSD values for small object, tB® cm x 80 cm x 80 crmbject could only be reliably detected
at a depth odlm, whereas objects ranging fraim x 1 m x 1 ntould be detected at depths up
to 3m. When theobjectsize was 1.5m x 1.5m x.8m, it was observed minimal difference

compared to thém x 1 m x 1 nobject Theseresultsare presented ithe apgndixD.

4.7.3 Can objects be detected at lateral monitoring stations, and what is the maximum
distance at which they can be detected?
Based on the simulation results of seismic waves using the three mlodafsassert that

detectingobjects at lateral monitoring stations is indeed possible. However, the feasibility of
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detection depends on several factors that directly impact seismic wave propagation and
interaction with the subsurface. One significant factor to consider is the size of the object itself.
Smaller objects may present challenges in terms of detectioera latonitoring stations due

to the diminishing energy levels reaching those locations. Larger objects, on the other hand,
tend to generate more pronounced seismic responses, increasing the likelihood of detection

even at lateral monitoring stations.

The mechanical properties of the brownfield soil model, including composition, density, and
elasticity, significantly impact seismic wave behaviour. High attenuation or low elasticity in
the soil can impede wave propagation, reducing object detectatillptemal monitoring
stations. Seismic wave velocity and source characteristics, such as frequency content and
amplitude, also influence detection. Wave velocity affects the travel time to monitoring

stations, while source characteristics determine wanength and detectability at varying

distances.
4.7.3.1 In the case of the object (steel properties) size of 80cm
Maximum PSD of seismic waves that recorded at some mointoring
station6,7,8,9 and 10
0.00014
0.00012
N 0.0001
=
% 0.00008
(\E, 0.00006
o
¢ 0.00004
0.00002
0
s6 s7 s8 s9 s10

Station number

® homogenous model ®Model with object

Figure 4.27: Maximum PSD value at statiob & s10.
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Maximum PSD of seismic waves that recorded at some mointoring
station 1,2,3,4 and5
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Figure 4.28: Maximum PSD value at statiod & s5
4.7.3.2 In the case of theobject (steel properties) size of 1m
Maximum PSD of seismic waves that recorded at some mointoring
station6,7,8,9and 10
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0.0001
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Figure 429 This figure compares maximum PSD amplitude values at side statiosdQ}s6or
homogeneous and object models. Station s8 shows the greatest PSD reduction, indicating the object's

strong effect on wave propagation (1m depth).
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Maximum PSD of seismic waves that recorded at some mointoring
station1, 2, 3,4, and5
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Figure 4.30: The monitoring stations, located 4 m or more from the object, show a reduction in seismic
energy as the distance from the sounoeeases. Consequently, the object's presence at a depth of 1 m

has no noticeable impact at these lateral stations.

When considering objects with a size Ioh, my analysisreveals that they can indeed be
successfullydetectedat lateral monitoring stations located2ah or slightly more from the
object. This notable finding underscores the reliability of detection capabilities even at laterally

positioned stations.

As seismic waves interact with the subsurface and encounter the object, they exhibit complex
behaviourthat influences their propagation, reflection, and scattering. Despite the lateral
distance between the monitoring stations and the object, the seismic waves still manage to carry

valuable information about the presence of the object.

Based orray paththeory of the seismic waves which discussed in detail in chapsethe

object's depth increases, the incident and reflected angles become smaller, leading to reduced
seismic energy and increased wave scattering. At depths of aroursgi8mic waves reflect

almost vertically, with the angles becoming less steep at greater depths. As a result, the highest
seismic energy is recorded by monitoring stations directly above the object, making it difficult

to detect seismic signals at morstdnt lateral monitoring stations.
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4.7.3.3 In the case of the object (steel properties) size of 1.5m

Maximum PSD of seismic waves that recorded at some mointoring station
$6,57,58,%9, and €10
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Figure 4.31: The monitoring stations are positioned akitmtor a little bit farther away from the object.
Notably, Statiors8 had the greatest PSD (Power Spectral Denaitylitudemeasurements that had
ever been made. The important finding strongly implies that the object, which is located atlaglepth

can be seen at a lateral distance of two metres from its position.

Maximum PSD of seismic waves that recorded at some mointoring station
s1,2,53,4, and
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Figure 4.32 The monitoring stations are positioned dr somewhat farther away from object. As we
go further away from the seismic source, the energy of the seismic waves decreases. As a result, the
object's presence at these lateral monitoring stations, which is at a depthhaisIno obvious effect.
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4.7.4Can concrete objects be detected in brownfield areas, and how does concrete affect

the properties of seismic waves?

To comprehend the variations in seismic wave properties resulting from differences in object
mechanical properties, a comparison was conducted between steel and concrete objects. To
achieve this, a concrete object was introduced to model 2 at site Aulatgints characteristics

when seismic waves pass through or reflect froi@hibosing site, A only because the results

at site B are expectetle same as site A resulend also, to avoid exaggerating the thesis.

The oncreteblockhas dimensions df m x 1 m x 1 nin all direction.Thetable below presents
the mechanical characteristics of the concoéfect.

Table 431: Shows the mechanical properties of concrete.

Shear modulus Bulk modulus Density
Concrete 70M9 Pa 609 Pa 2800

4.7.4.1Can theproperties of reflecting seismic waves be used to detect the concrete object
buried at depths ranging from 1 to 3n below the surface of the earth?

Based on the simulation results on the concrete object, it is evident that a concrete object buried
at close depths to the surface of the earth can be successfully detected. The simulations
conducted on the second model, with the concrete object posiabisdd A directly beneath

Station Nos13, provided compelling evidence of its detectability.

The recorded data at Station 3 demonstrated clear indications of the concrete object's
presence. Seismic waves interacting with the concrete material exhibited distinct responses,

enabling reliable identification of the buried object.

In Figure 4.33, a comparison is presented between seismic waves recorded at monitoring
stationssll,sl12,s13,s14, andsl5, all positioned along the-axis. An intriguing observation
emerges from the analysis: the seismic waves recorded at monitoring st&tiavhich lies
directly above the object's location, exhibit the highest amplitude among all the recorded
waves. This notable discrepancy in amplitude strongly indicates the presence of the object
beneath monitoring staticsl 3. The distinct high amipide recorded at this specific station
reaffirms the object's detectability based on the information derived from the time domain of

the seismic waves.
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Velocity histories at mointoring stations 41,s12,s13,s14,and s15
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Figure 4.33: The time domain comparison where we can see the monitigtigns13 which deployed

over the object reflected with high amplitude.

The amount of reflected energy detected at each station can be determined by comparing the
PSD of seismic waves recorded from monitoring statsids s12, s13, s14, andsl5. A
measure of the energy distribution in the seismic waves that were recorded is the power spectral
density. Notably, the findings show that monitoring station$48, which was directly above

the objead recorded the highest energy levels across the PSD. The possibility of capturing

detection with concrete qualities is strongly supgaity this remarkable observation.

The increased energy levels at monitoring stationsii® show that the seismic waves and the
concrete object have had significant interaction. The distinct characteristics of concrete have a
noticeable effect on wave propagation, which causes a noticeable response in the seismic data
that was acquired. Thigchonstrates the capability of seismic techniques to successfully locate

concrete objects buried below the surface.
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Maximum PSD of seismic waves that recorded at staligjsk2, s13, s14,
sl5
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Station number

Figure 434: The PSD (Power Spectral Density) maximum values are shown in the figure, which

highlights an interesting finding. Station 13's PSD has the highest PSD values.

The investigation into the characteristics of concrete objects provides important knowledge on
their detection. It was discovered that side observation stations Rlaagdslightly away from

the object's location can detect concrete objects. Because seismic waves and concrete react
differently, it is possible to reliably identify and record the presence of the digjec 4.35.

However, attenuation makes the task more difficult for observation stations that@renore

away, leading to lower energy levels and less certain identificasoshwn the figure belgw
Maximum PSD of seismic waves that recorded at stai@i $8,59, and 40
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0.00008
0.00006
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Figure 435 The PSD (Power Spectral Density) amplitude values displayed reveal an intriguing

finding: the greatest PSD amplitudes are found at Station s8.
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Maximum PSD of seismic waves that recorded at statiorls2,s3,54,and $
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Figure 4.36: The monitoring stations are positioned dr somewhat farther away from the object. As
we go further away from the seismic source, the energy of the seismic waves decreases. As a result, the
object's presence at these lateral monitoring stations, which is at a depth lais no observable

influence.

4.7.5The relationship between object depth and the quantity of reflected energy
Figure4.37showsthe comparison of seismic energy represented by the Power Spectral Density
(PSD) recorded at monitoring statish3. In this scenario, the object placed directly beneath
stationsl3 is composed of steel material. The aim is to investigate the effect of object depth
on the seismic energgcorded Through careful analysis,observed a clear trend in the PSD

as the object depth increased from the model's surface toward the top of the model. Specifically,
as the object depth increases, the PSD experiences a gradual decrease. This decline in PSD

indicates a reduction in the anmd of reflected energy recorded at monitgrstations13.

The observed trend can be attributed to the varying distances the seismic waves have to travel
from the source to the object and then to the monitoring station. As the object is placed deeper
into the model, the seismic waves encounter a larger volumieeosurrounding medium,

leading to energy dispersion and attenuation. Consequently, less energy reaches the monitoring

station, resulting in lower PSD values.
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Maximum PSD of seismic waves that recorded at statiori8 at different
depths
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Figure 4.37: Monitoring stations13 shows a trend in Power Spectral Density (P&Dplitudeas the
object depth increases. This decrease in PSD that seismic energy captured diminishes as the object is

deeper (the object is steel).

4.7.6 How do the mechanical properties of objects (concrete and steel) influence the
amount of seismic energy reflected from them?

Based on the simulation results of seismic waves interacting with different objects, including
concrete and steel, a clear distinction emerges between their resmeraeteristican
brownfields. While both objects can be successfully detected in this environment, their

mechanical properties influence the amount of seismic energy reflected.

Steel, known for its high hardness and greater density compared to concrete, leads to a dispersal
of seismic energy upon collision. Consequently, the amount of seismic energy reflected from
steel objects is relatively small. On the other hand, concreteitsvdistinct properties, exhibits

a different response. Seismic waves interacting with concrete objects experience less

dispersion, resulting in a higher amount of seismic energy reddraleget al., 2022)

The contrasting energy reflection patterns between concrete and steel have significant

implications for shallow subsurface investigations and object identification.

In Figure4.38, a comparison between steel and concrete objects is depicted. The seismic waves'
interactions with these two distinct materials are highlighted, showcasing their contrasting

effects on the recorded seismic energy.
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Maximum PSD of seismic waves that recorded at statiori8
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Figure 4.38. Monitoring station s13 recorded the highest frequency spectrum density for both steel and

concrete objects, with the PSD for the concrete object being higher than that of the steel object.

4.7.7What is the most suitable source of seismic waves to be utilized for shallow
subsurface investigations in brownfields?

The comprehensive study of simulated seismic waves involved the application of three distinct
sources, each represented by a sinusoidal wave with frequencies of 20 Hz, 50 Hz, and 70 Hz.
These seismic waves were applied to three separate models, spgdtieadbdel 2 modd3,

and model 4, respectively. The selection of frequencies, 20 Hz, 50 Hz, and 70 Hz, was a
meticulous process that considered the mechanical properties of the homogeneous model and
the shear velocity of the seismic waves. The primary objective was to ensure thastye pas

of seismic waves through the model was smooth and undisturbed. The variation in shear
velocity, specifically 316, 822, and 1788s wasimportantin addressing the heterogeneity of

soil and brownfields, where mechanical properties can vary sigrtlficdy incorporating

these distinct shear velocitidsyasable to emulate realorld scenarios more accurately and

replicate the diverse conditions encountered in subsurface environments.

Themodel 2used seismic wave simulations with a shear velocity of3/&nd 20 Hz. The
waves spread horizontally and vertically, causing significant energy reflections at depths of 1,
2, and 3n. Monitoring stations above the object detected a significant increase in reflected
energy, indicating a strong interaction between the waves and the object. Additionally, side
monitoring station2m away from the object recorded a considerable amount of reflected
seismic energy, confirming the object's significamluence on seismic wavbehaviouy

resulting in energy reflections at latedadtances. Inthemodel 3 the shear velocitincreased
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to 822m/s and the frequencies of the seismic wave source were raised to 50 Hz. As a result,
we observed that the objects buried in Site A and Site B could be detected at both the
monitoring stations positioned directly above the objects and the side monitotiogssta
located 2m away. This successful detection validates the accuracy and effectiveness of
identifying the objects at these specific locations.

In themodel 4 characterized by an increased shear velocity of 17/38and frequencies of
seismic waves set at Hyz, it was observed distinct effects on object detection at different
locations. Atsite A, closer to the seismic wave source, objects were only detectable directly
above the monitoring stations up to a deptfiraf There was no noticeable impact on the side
stations located @&m. Conversely, asite B, further away from the source, the decreased
velocity and spherical spreading of the waskswed for object detection not only at a depth

of 2mbut also at a distance exceed#rg from the side monitoringtations. Accordingo the
findings from this chapter, the ideal seismic wave source for brownfields should possess a
frequency range between 207%0 Hz and maintain a velocity of seismic waves bel@®0L

m/s These specific characteristics enable seismic waves to propagate extensively both

horizontally and vertically.

With such a seismic wave source, objects located in proximity, within lesS@ingrcan be
accuratelydetected Furthermore, this setup allows for the successful detection of distant
objects situated beyor8)m The object can be detected at both the monitoring station located
directly above it and the side monitoring station positiocfraciway from the object, at depths

of up to3m.
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Chapter 5 : Validation of numerical modelling results

S.1Atroduction

Chapter 5 is dedicated tealidating the outcomes of the seismic wave simulatifyom
numerical modelling discussed in Chapter 4. For this purpose, |nsad# experimental data
collected during greviousfield experiment carried owdt HeriotWatt University campus
(unpublished data)where a passive seismic survey was designed and conducted aiming to
identify two buried objects a PVC pipe and a JCB bucket.

| used my numerical model to try and interpret the results from the analysis of the field data as
presented in Yfantis and Pytharouli (2015), an internal Strathclyde report, made available to
me by Dr Pytharouli.

5.F2 el d experi ment

5.2.1Instrumentation

A passivemicro seismiarray comprising thregingle- componenshort period seismometers

and two3 1 componentseismometershort period seismometessgth a flat response between

1Hz and 100Hz was utilised. Seismometers were linked to twdatggars (130 RefTek) that
utilised a 200Hz sampling rate. Separately connected to GPS antennas for the purpose of time
synchronisation, both data loggers werellied by 40Ah, 12V car batteries. Every sensor was

affixed directly to the surface of the soil.

5.2.2Experiment BP: Buried PVC Pipe
A trench was dug to a depth of thpas depicted ifigure 51 a, and subsequently a PVC pipe

measuring 6.21 m in length with a Grbdiametemwas placedvithin it.
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figure 5.1: a) Images illustrating the PVC pipe's condition, one when it was initially positioned in the
trench (on the left), and the other after it had been buried (on the right), are prdwidedisual
representation is included, illustrating the different depths involved in Experiment BPFYfaftés and
Pytharouli 2015

5.2.2.1Seismic array geometry Experiment BP)

This geometry is shown iRigure 52. Two of 3Dsensors placed directly above the pipee

of thelD sensor was placed to the north, between the seismic wave source aj@d¢hand

the otherD sensomwas placed to the westwo sensors were placed close to each other, one
ID and the other iB8D on the southern side of tlsject.
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Figure 5.2: Deployment geometry of the seismometers, the area where the PVC pipe was buried as
well as the location of the JCRfter Yfantis and Pytharouli 2015).

5.2.3Experiment BB: Buried bucket
In this experiment, the object buried in the trench was a JCB bucket, as depicted in.Bayure 5

The bucket occupied a relatively smaller portion ofékeavated trench, as shown in Figure
5.3b, with dimensions measuring 1r82n length, 0.6n in width, and 0.5 in height

Figure 5.3: a) JCB bucket used for this experimeb}.Cross section of buried buckstth elevation

marks showr{after Yfantis and Pytharouli 2015).

5.2.3.1Nanoseismic geometry (Experiment BB)

This geometry is shown iRigure 54: The description of the seismometer placement, the area

where theJCB bucketwas buried, and the positioning of the J@hicle (after Yfantis and
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Pytharouli 2015)and only one 3D sensor directly above the buried JCB bucket. One of the 1D
sensor was placed to the north, between the seismic wave source and the object, and the other

ID sensor was placed to the west. Two sensors were placed close to each otheanohiaé¢D

other in 3D on the southern side of the object.

I CB souce
L A 2D seismometer
A\ 1D seismometer
7 Buned Pipe

Buried JCB Bucket

10m
' Bm

5m

A<+— 1D North

3D Centre

3D Standalone
1D East

Figure 54: The description of the seismometer placement, the area whel€Bhleucketwas buried,
and the positioning of the JORhicle(after Yfantis and Pytharouli 2015)

5.2.4Spectral analysis of seismic waves
Analysis of seismic data showed that the sendeptoyeddirectly above thebjectsrecorded
a high amount of seismic energy compared to the seismic energy recorded by sensors placed

several meters away from theebjects This is the best evidence thabjectsburied in

brownfields can béetectingusing micro seismitechnology.
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Figure 55: PSD curves of all vertical traces of all sensors. All curves are almost identoegdt the
curve corresponding to the 3D sensor Centre (for the frequencies betweear@DBEHZz) which is
placed upon the buried PVC pifsdter Pytharouli 2015).

'l'l, ,MM“\“ Ww ,,: \ W

100 T T T T T T T 1 I
—1D East
—1D North
—1D West
80r —3D centre
—3D Standalone
60} | -

g
2
Q y V) B i i
2 ol il g M,
© 40Pl W ’J“h .u I h ‘M '4{‘,#1“ ‘M iy ‘I i f;,'\ 4 “JM all 11) "
g \Wﬂ i Y ‘H\tw‘ ..'MT M
- “ \\h
2 20 "‘r _
& : :151’ |
W
or h M
& 00 1I0 2IO 3I0 4IO 5IO 6I0 7IO 8I0 9IO 100

Frequency (Hz)

Figure 5.6: PSD curves of all vertical traces for the time window analysed when théuckBt was
buried. All traces are identical except the vertical trace of the 3D ceetsahometer, which is placed
upon the buried JCB bucket. Its spectral amplitude is higétveen frequencies 20Hz to 85Hz, with
the differences more evident after 35¢d#ter Pytharouli 2015)
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5.3 mul ation of phepeodneécay IJCBY¥Buaoketd in He

experi ment study.

In this study, numerical modelling was used to simulate seismic waves passing through or
reflecting from a PVC pipe and a JCB bucket. The model was designed to replicate the
mechanical properties of the gravelly clay soil at the experimental site. Thesitome of the

modeB 50 m long in the xdirection, 70 m wide in the-glirection, and 30 m high in the z
directiord matched those of previous models (2, 3, and 4) to ensure consistency in the results.
The model mesh had an element size of 1 m x 1 m x 1 .iA&ditionally, a PVC pipe and

a JCB bucket, with the same dimensions as those used in the field experiment, were included
in the model to simulate realorld conditions accurately.

5.3.1Simulation of PVC pipe

5.3.1.1Dimensions and mechanical properties of PVC pipe

The PVCpipe is about 612 long and 0.6 in diameter. It was placed at a depthlLaf from

the surface of the model to the top of the pipe. The following table shows the virtual mechanical

properties of PVC pipe.

Table 51: Mechanical properties of PVC pigPe Martins, Freire and Hemadipour, 2009)

Shear modulusPa Bulk modulus Pa Density kg/m3)

PVC pipe 1200
0.5x10M9 5 x 10"9

5.3.1.2dynamic input
The same seismic source used in Model 4 (Chapter 4)apjsiged A sine wave with an
amplitude of 1 m and a frequency of 70 Hz. This is applied on the model surface as a single

seismic source.

5.3.1.3monitoring stations and source array
Figure 57 below shows the locations of the monitoring stations and the distance between them,

as well as the location of the source of the seismic waves.

Note: Stations A, B, C, D, and E from the simulation (figuré) ®orrespond to the following
stations in the field experiment: A is 1D North, B is 3D Centre, C is 3D Standalone, E is 1D
East, and D is 1D West.
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Figure 5.7: The figure illustrates the locations of the monitoring stations (A, B, C, D, and H)e
model surfacgincluding the distances between them and from the sesuice. It also indicates the

position of the object (PVC pipe), which is situated beneath stations B and C.

5.3.1.4Velocity history results of the PVC pipe simulation

In this simulation of seismic waves, the history velocities were recorded in the z component at
all monitoring stations A, B, C, D, and E. Figur8 Shows the comparison between the history

of velocities in the time domain of seismic waves at all monitoring stations. The two monitoring
stations B and C recorded the highest amplitude of seismic waves compared to the other

stations.
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Z-Velocity histroies at monitoring stations A,B,C,D,and E
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Figure 5.8: A comparison of velocity histories recorded at monitoring stations A, B, C, D, and E

showed that stations B and C had the highest wave amplitudes, indicating that these two stations

received the largest amount of seismic energy.

5.3.1.5Spectral properties of the seismic waves

The seismic waves

recorded at monitoring stations B and C showed high PSD values,

indicating they received a greater amount of seismic energy reflected from the PVC pipe.
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Figure 5.9: The PSDof seismic waves recorded at monitoring stations A, B, C, D, and E. Stations B

and C, located directly

above the PVC pipe, exhibit the highest power spectral density values, indicating

they recorded the largest amount of reflected seismic energy.
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5.3.1.6Calculating the area under PSD curves
Table 52: The calculated area under the density curves is represented in B@usdégh seismic
energy is indicated by red, while low energy is represented by.green

A 0.000153
B 0.000158
C 0.000157
D 0.000144
E 0.000109

From the table above, it is clear that stations B and C, located directly aboubjd¢hbe

recorded the highest value of reflected seismic energy.

5.3.2Simulation of JCB bucket

5.3.2.1Geometry and mechanical properties of thenodel

The same previous model that was used in the simulation of the PVC pipe with the same
dimensions and properties, as well as the same source of seismic waves, and the only change
is to replace the PVC pipe with a JCB bucket. JCB bucket has mechanicatipsoged is

made of alloy steel material, and it differs from the PVC pipe as in 5abl@he JCB bucket

is about 1.5nlong and 0.6 in diameter. It was placed at a depthlai from the surface of

the model to the top of the bucket under monitoringcstas.

Table 53: Mechanical properties of JCB bucket

. 3
JCB bucket (Alloy Shear modulusPa Bulk modulus Pa Density kg/m

8000

steel) 6 x 10 0 1 201010

5.3.2.2monitoring stations and source array
Figure5.10bel ow shows the monitoring stationsé | o

well as the location of the source of the seismic waves.

Note: Stations A, B, C, D, and E from the simulation (figure® correspond to the following
stations in the field experiment: A is 1D North, B is 3D Centre, IDisvest D is 1D East,

andE is 3D standalone
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Figure 5.10: The figure displays the locations of monitoring stations A, B, C, D, and E, along with the

distancedetween them and from the seismic source. It also clearly identifies the position of the JCB

bucket, which is situated beneath monitoring station B.

5.3.2.3Velocity history and PSD results of the JCB bucket simulation

The velocity histories at monitoring stations A, B, C, D, and E were recorded for the z
component during this seismic wave simulation. Figut& $hows the time&omain history of
seismic wave velocities at all monitoring stations. The maximum amount of seismic wave

energy was recorded at monitoring station B, which was positioned above the JCB bucket.

Z- Velocities histories at monitoring stations A,B,C,D,and E
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Figure 511: A comparison of the velocity histories recorded at monitoring stations A, B, C, D, and E

revealed that the highest wave amplitude was noted at station B.
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PSD- Frequency plot
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Figure 5.12: The PSD of seismic waves recorded at monitoring stations A, B, C, D, and E showed that
station B, situated directly above the JCB bucket, exhibited the highest power spectral density values.

This indicates that station B recorded the largest amount ettedl seismic energy.

5.3.2.4Calculating the area under PSD curves
Table 54: The calculated area under the density curves is represented in FitRjreligh seismic

energy is indicated by red, while low energy is represented by green

A 4.19844E05
B 4.51239E05
C 3.66801ED5
D 2.24786ED5
E 2.12468ED5

From the table above, it is evident that stations B, situated directly abovedkes recorded

the highest values of reflected seismic energy. This suggests a strong reflection signal from the
object, indicating its presence and confirming the effectiveness of the monitoring setup in
detecting subsurface features. The elevated readirtges# stations highlight the localized
increase in seismic energy, which is a direct result of the seismic waves interacting with the

buried object.
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S.Clomparative Study of Simulation Versus Fi
Although thePSDcurves in the seismic simulation were presented on a linear scale and the
field experiment data were presented on a logarithmic scale, the results are similar and serve
the same purpos@&he simulation results align closely with the field data findings. Both sets of
results demonstrate that monitoring stations directly above buried objects (PVC pipe and JCB
bucket) record higher PSD values, indicating increased reflected seismic energy. In the
simulations, stations B and C recorded the &égg?SD values above the PVC pipe, and station

B did the same above the JCB bucket. This mirrors the field data, where the central sensors
over the PVC pipe and JCB bucket displayed distinct PSD curves with higher amplitudes in

specific frequency ranges.

The consistent observation across both simulation and field data is the significant increase in
spectral amplitude in the presence of buried objects, particularly within specific frequency
bands. For the PVC pipe, the field data highlighted differencesebat30 Hz and 55 Hz, while

the JCB bucket showed increased amplitudes from 20 Hz to 85 Hz, especiaBp ptstThe
simulations similarly noted the highest PSD values at stations directly above these objects,

reinforcing the reliability of the simulatedodel in replicating realorld conditions.

The resultsillustrate the effectiveness of spectral analysis in detecting and characterizing
shallow buriedobjects. Botththe simulaion andfield experimentonfirm that buriedbjects

affect thecharacteristicef seismic waves, leading to noticeable variations in PSD values. The
agreement between simulation and field results enhances confidence in the use of simulation
models for predicting seismic wave interactions and imprtheasnderstandingf subsurface

object identification.
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Chapter 6 : Brownfield site investigation: Pilot study

6.1 Introducti on
The main purpose of this chapter (Chamgiis to conductfurther field studies to verify
numericalresults Accordingly, a series afontrolledexperiments were held in the Spsarea,

Glasgow

Threeobjectswvere chosefor the fieldstudy:A steeldrum, aconcreteblock, and &PVC drum.

6.F2 el d site

The area foithe field experimentsvas chosen for severa¢asons The topographyof the

chosen location iat. Easyaccessibility and authorization for excavation and buriabpécts

below ground surfacevere important considerations in selecting this locafidre land was
owned by the University of Strathclyde, making it easier to obtain permission and access.
Figure6.1 depicts the location of tHeeld area.The experiment site was located approximately

half a mile from the main road. A football field was situated nearby, though no sporting
activities were observed on the day of the experiment. The soil at the site was saturated with

water, and the weather atitions were notably cold
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NORTH SE

Figure 6.1: Field experiment Site: Top leftLocation map of the field site (created using Digimap, ©
Crown copyright and database rights 20250

Stepps, Glasgow. Top righerial map of the site with the actuste indicated by a purple rectangle,
created using Digimap (© Getmapping Ltd). BottePanoramic View of the Experimental area with

the locations of seismic nodes indicated by red flags (author's own photo).
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6.S3ei smic Source

In these experimegtseismic waves are generated using a digBer(figure 6.2) producing
seismicwaves with afrequency range o010 to 50 Hz. TheJCB diggerwas placed at two
distances20m and 40n, from the buriedbjects

Figure 6.2: JCB used as seisnsource.

6.S84i smis node

In these experiment®7 the Smart SololGU-16HR 3Cseismic nodes werased.(Zeckra,
2022)TheSmart SoldGU-16HR 3C, record ground motion wertical,and 2 two orthogonal
horizontal directions using its thre&eomponent geophone technologVhe sensors are
compact, and areommonlyutilised for environmentajleophysicsand seismicsurveys. Its
lightweight and portable design facilitates transport and deploymEmeir technical
characteristics are shown in table &art Solo sensors were chosen for this study due to
their numerous advantages. As wireless, -pmwer seismic devices with aintegrated
geophone and recorder, they were ideal for capturing the low frequencies expected in this
study, ranging from 10 to 20 Hz. Their high sensitivity, combined with GPS synchronization,
onboard data storage, and easy deployment, made them swiabbtalfble seismic surveys

across various field conditions.
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Figure 6.3: @) Smart SoldSeismicsensor(Zeckra, 2022)b) Seismicsensomeployed on site

Table 6.1: SmartSolo IGU-16HR 3C technical specification (https://smartsolo.com)

Smart SoloIGU-16HR 3C

Seismic data channel(s) 3

Operating temperature -40°C ~ +70°C

Natural Frequency 5- 10 Hz

Sensitivity 76.71 78.7 VIim/s (1.95 V/in/s)

Damping 0.7

Weight 2.4kg (Including internal battery and spike)
Re charging time <6 hours

Data Storage 64 GB

Frequency Response 0 ~ 1652Hz

6. Bxperi mebp:al Set

Three separate field experiments were carried out in the Stepps area; each experiment was
given a unique name that corresponded to the main emphasis of the study. The Concrete
Experiment, the PVOrumExperiment, and th8teelDrum Experimentvith the buried object

being a concrete block, a PVC drum, and a steel drum. The aim is to see whether these objects

alter the seismic energy of the seismic waves as these are recorded by the deployed sensors
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6. Benspescmetry
The plan for the field experimeswas to set up th@onitoringstations in the shape of a square,
with 25sensor$o match the geometry of the sensors in seismic wiavelations The distance

between sensswas 2m inbothdirections.

N : SB

667785 ] H
667780 [
667775 [l
667770 ) SA § i
667765 [l
667760 [
667755 -] s22l s11 H
s24
667750 <osB Slgslj Sls s3f i

667745 | g H

)
(o] 5 10

T T T T T T
265130 265135 265140 265145 265150 265155

Figure 6.4: Array of seismic sensors and locations of seisuitrcess0 tos25indicate locations of

the seismisensors. §and $ are the locations of seisnsource (JCB digger).

6.Geometrical characteristics of buried obj e
A steel drumaPVC drum, andh concreteblock on the characteristics of seismic waves, was
studied, as they were buried at a depthrofffom the groundsurfacefigure 6.5 shows the

three objects and their dimensions.

Page [L43



Field explement Chapter- 6

i

U 80cm

59cm

Figure 6.5: Objects that were burieab part ofhe field experiments) Concrete blockb) Steel drum
c) PvCdrum

6.Bxperi ment al Procedure

Conducting the experiment includes som@ortant steps:

1. Sensor Deployment:A 20 cm by 20 cm hole was excavated éach sensoA total of 25
sensors were deployed across the study iardae shape of a 2m2m grid (figure 6.4)
Additionally, two additionalstations were established: one near the seismic wave source
and another positioned between the source and the monitoring stétiess sensors aimed
to record the seismic signal at the source location but served nguatpese. Thesensors
were placed in such direction so that one horizontal component was oriented Sout,
and the other EastWest.

2. Sensor location: Using GNSS (Global Navigation Satellite Systemgceiver the
coordinates for the seismic source, sensors, and object locations were det¢Figjmed
6.6). Thecoordinates were in the British National Grid (OSGB36).
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3. Data acquisition: data acquisition started @9:00 am

Figure 6.6: Determination of sensor locations using GNSS receivers.

4. Initial Recording: At 10:15 am, prior to any excavation, seisrd@tarecorded for 20
minutes at each source locatiom @hd ). these data were then used as baseline data.

5. Excavation: Excavation began at 11:06 am and continued until 12:38tghe location of
monitoring station No. s13, centrally located within gemsor array. The excavated hole
measured approximatelyrlin length and width, with a depth of 1.9 as depicted in
Figure 67. Soils with bricks, roots, and small irregular objects are highly heterogeneous,

with hard brick fragments, irregular root networks.

Figure 6.7: Excavationfor buried objects
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6. Object Placement and RecordingFollowing the completion of excavation, the first object
(concrete)block placed in the excavation, and soil backfilled and compabiath were
recorded twice: once with the JCB at locatiana®d once at locationsSfigure 6.4) This

procedure was repeated for all subsequobjects All sensors recording continuously apart

from s13 which was turned on and off for the buried of each object.

Figure 6.8: a) placement of concretdockinside the holeb) Steeldruminside thehole ¢) PVC drum
inside the holed) Demonstrating the processludcKilling the holeand planting the sensst3on top

of it. The vertical distance from the surface ofsthebjecs to the surface of the groundaboutlm.

7. Noise Minimization: During the activation of the JCBngine as seismic sourcall
personnel ceased movement to prevent the recording of any random noise. This protocol

was maintained throughout the entire recording period, which lasted approximately 6 hours.

6.PBatcadl |l ecti on

In the seismic data collection process involving 25 monitoring statiats station recorded
seismic waves in thredirections vertical, northsouth, and eastest recording seismic
activity over a 2@minute source activation period. The experiment initiates witstidue of
the digger's enginewhich emits seismic waves that propagate throughEtmth'sground
Before burying anyobjects (homogeneoustasg, the seismic waves were recorded twice,
with adigger at the 2 source locatiodster that, twiceagainfor eachobject with a difference

in the location of the source of the seismic waWe®ach experimentt wasconducted two
recordings at different wave souraedtions recording26 sets ofseismicdata each time. In
each experiment, two recordings were conducted at different wave source |lochions
sensors were plac&done near the seismic source farvaves and the other near the source
for Sg waves. Unfortunately, it was found that the sertdose to source locatioBs was nad

recording leading to a total of 208 sets of recordsgismic dataTotal length of the
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experimentsvas6 hours Figure6.9 showsrepreserdtive recordings fronstation No.s12 for
a period o6 hours, which contain sormandomnoise and include recording during the drilling
digging operation

Digging operation and deployving concrete.

[ |
2e+02 | Recording plastic experiment.

Recording concrete experiment.

| E—
1e+02 . | |
JCB arrived.
mee Recording steel experiment.
(| - o I
g | | |, | | | |
g feri0 l 1 ' I | | ]
| I
Ll | |
| S

Recording without object

I

Deploying steel drum.

-le+02

Deploying plastic drum.
-2e+02

9h 10h 11k 12h 13h 14h 150 1&h
Tirse

Figure 6.9: The entire duration of the micro seismic recordegiod.

6. DAQtPaeprocessing

The first step in the data was to download the data from the Smart Solo sensors. The Geopsy
software was then utilized to verify the data andvertthe datao ASCII formatso that they

can be imported in Matlal?A preliminary review of the data was conducted, and the portions

of the time recordings that corresponded to the duration of each experiment were &®olated
separate filgsas shown in Figure &. Subsequently, each dagagmentwas imported into

Matlab software, where thepectral analysigascarriedout

6. M&t hodol ogy
Using Geopsysoftware, time segments containing local noise were identified. Local noise is
defined as any significant spikes in seismogram recording2008). Random noise in the

seismic data was successfully recognized and classifizaking the field experiment, |
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documented instances of random seismic sources, which helped identify and exclude noise
during data processinghe real seismic data is what was used in the analysis, and random

noise was removed as much as possible.

6. B2seline dat a

Figure 6.Drepreserdthe amount of seismic energy calculated from the PSD curves of seismic
waves recorded at each monitoring station. The area under each curve was calculated and
represented in columns. These data were recorded before digging and before burying any object
underground. From the results, it can be observed that the general trend of the amount of
seismic energy gradually decreases as the seismic waves move away from their source. This is
a result of the spherical spread of the seismic waves, which leads sodd §g3smic energy.

Part of the seismic energy may be lost as a result of local heterogeneity of the soll. It is also
clear that a random increase in seismic energy was recorded at some of the monitored stations

as a result of the nemomogeneity of the soil or the presenceahe previously buried objects.

Due to the overlapping and lack of clarity in the power spectral density (PSD) curves shown in
Figure 6.10, it was necessary to calculate the area under each PSD curve to accurately represent
the seismic energy. The area under the curve provides a giirmtit@asure of the amount of
seismic energy recorded at each station. As indicated in Table 6.2, the seismic energy generally
decreases with increasing distance from the source, which is expected due to the natural
attenuation of seismic waves as theywetahrough the ground. However, an exception was
observed at several distant statdrspecifically s20, s15, and sd@here an unexpected

increase in seismic energy was recorded.

This anomaly could be attributed to local soil heterogeneity, where variations in soll
composition, moisture content, or other subsurface conditions may have caused certain areas
to either amplify or transmit seismic waves more efficiently. Such factorsreate localized
amplification effects, which would explain the highbanexpected energy levels at these
stations, despite their greater distance from the seismic source. Further investigation into the
soil properties at these locations would be nemgsto fully understand the cause of this
irregularity.Recording the seismic data wh#Bwas at locatiorss showed that the recorded
seismic energyTable 6.3, was higher than th&eismicenergy recorded when the wave source

was at locatiorsa. This was a result of the fact that gl characteristics at site B were solid

soil and harder than the soil at site A.

Page [L48



Field explement Chapter- 6

6.12.1Seismic source (JCB) at SA

PSD - Frequency plot
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Figure 6.10: No object: PSDof 5 minssegments of dataecorded at all monitoring stations when the
seismic source (JCB) was at location S
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