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ABSTRACT

This thesis is comprised of two parts. In the first part, | stimwapplication of seismic-Bave cross
borehole tomography in diffent geological environments anfind optimal processing and
interpretation flows adapted tlifferentexploration question$n general S-wave tomographic imaging
offers many additionglarameter estimatesid interpretational insight compared twBvetomography
on its own.n the first case study, | show that prior to the constructionarig@ infrastructural project,
crossborehole P and Swave tomography can be effectively used to deelsstic parametersand
detecta large weak zonm highly weathered and karstic limestore the second case study, | used
S-wave tomographyin conjunction with MASW and SCPT measuremetgsmprove an earthquake
velocity model by increasinghe reliability of the neasurface Svave velocity anddetectingzones of
variable surface wave amplificatiohese two case studies were complemented withai&
measurements in an overconsolidated clay environment, were different processing and interpretational
capabilities of Svave tomography were developéhe of he disadvantages afterpreting Svave
velocities is the lower measurement accuraaf the Swave traveltimescompared to Rvave
traveltimes To overcome this limitatigrl propose a hew methpavhereby the less accuraten@ve
traveltimesare structuraly coupled to the more accuratewRve traveltimes This joint-inversion
approachresulted in more accurate-vgave tomographic images, enhancing the interpretational
capabilities. Further, |1 show thahisotropy plays an important role when interpretygave data
Measurements wittwo directional sources proded differently polarised-#aves, which travelled at
different velocitiesThe measurements show thatv@ve anisotropy is far more segezompared to-P
wave anisotropy, especially in a nesarfae environment, andould be a reason for the reduction in
accuracy, if an isotropiepproach is taken.aPameterdor a vertically transversely isotropic (VTI)
mediumwereestimateddy jointly inverting P and Swave traveltimeswhich markedly improvethe

data fit and resolution of the tomographic images

The second part of the thesis shaiws benefit of enhancing legacy seismic data fromKihlahart
Karoo Basin, Botswana. Thaurvelet transform is employed teduce noisethereby enhancing the
interpretational capabilities of the pestiack reflection seismic sectionisshow that e reflection
seismic method, and in particularutlising legacy data, is an invaluable tool to prospect for coalbed

methane resources in Botswana.
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1. INTRODUCTION

Geophysical surveys provide cagfective means for the exploration of geological structures. Seismic
traveltime tomography in particular is a higésolution method comomly applied to various fields.
Seismic data for tomographic analysis has been imhdor geotechnical site characterisation
(Yamamoto et al., 1994; Angioni et al., 2003; Rumpf and Tronicke 20d4lrogeological studies
(Fechner, 198, Paasche et al., 2006; Doetsch et al., 20d)ing explorationSeebold et al., 1999)

the monitomg of radioactive nuclear wasfé/ong et al., 1983; Marelli et al., 201@nd reservoir
characterisation (Macrides et al., 1988; Zhang et al., 2@@)monly only the Rvave isinterpreted

in such surveyqPaasche et al., 2011n this thesis, levaluae Swave tomography in different
geologicalsettings and find optimal processing and interpretation flows adapdifter@ntexploration
guestionsin general, lshow thagointly measuringand interpretind®- and Swaves offers many new

insights compaidto RPwavedataon their own.

FirsSwaye meadwrmremeomogr apli adaaaktwvwgievsus for geot e

as dleywot suffer from sampling biases as is the
Standar d TReesnte t(rSaPtTi)omr t he CoArdiPesneceamdatPtomkdest 2
et al .I,n 20Xdd)ewiablre, vel ocity is a mechanical soi l

s masltlr ai n Sh(eMay nmo,douidutdslly . i ntled-pndwabwieg theadd ke st t he
determi adti teil mamsé li ¢ spuacrha needls eRrod tsisso,n my¥duhgs and th
modul wmshi af shown by Dietcaasihd atnhde Tgreoonliocgkiec a(l2 0i Ondt)

Seco,nddiyf feern esodn admine ces ¢ amwhlndacienmpd ioryiemdg t he s ame
geometry.joTimasy damdaskertedconsi sting -oafndwwiaSveer ent
traveltimes) can be acgheéeredttit hMhscdBeBaveh v,elbicime y

jointly inverting tahedidriefcfterparta ndeattears ed U pldfntge nc
empl 8d6Gatdl ardo and Meju, 2003,uchO0®4; oMnGruk eamape t dhth |
the error isalmindaifaedntakcagsi deration and that

compaGebéerati ng amd-wiaweedpt @t dmgs not offer this

Finahég, empl oying directional sour &waemoma&a&se ani s
gener at ednorswoomtead Wwaive wadri)svedidS cal |-waped @aéVsed
wav(eku and Mayne, 201 RectMadikegst lemasves d & fa @1l & h tmeS
enlads an par aoedteipmAitdwnet al . (2008) describe s

estimation, which they realise with an inversion
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The second part of the the$ixuses on thapplication of the curvelet transfortm reflection seimic
data.The curvelet transform is a mutésolution transform and was originally designed to denoise
images(Starck et al. 2002; Candés and Guo 2002; Candés and Donoho R86ditly, the curvelet
transform has beesuccessfullyapplied to reflectionessmic data for denoising purposét(inenfent
and Herrmann, 2006; Neelamani et al., 2008; Shan et al., @@08zczyket al., 2014, Naghizadeh and
Sacchi, 2018)l show that legacy reflection seismic data can be-effsttively denoised and enhanced

by manipulating the data in the curvelet domain.

This thesis complements the wod€ the Seismic Research Centre at the University of the
Witwatersrand Over thelast 10 yeardhe seismology research group has worked ®&itand 3D
reflectionseismic datdrom the Witwatersrand Basin, the Bushveld Complex and the Orange Basin
with geological and geophysical logspnducted laboratory rock physics and generated synthetic
seismogramslhis thesis expands thee s e a r ¢ knowghowofar peérssirface studiesdbh in terms

of techniques, notably joibversion ofP- and Swaves, the estimation of anisotropy and the application

of the curvelet transform, and in terms of the type of data, notably crosshole and coalbed methane

reflection data from th&alahariKaroo Basin

1.1 Structure of the Thesis
Thethesisis based on fivgpapersand organised as follows.

Chapter 2 serves as aaverview of the geophysical theory addressed in the subsequent publications.
First, the theory of seismic tomographwith the differefinversion algorithms, is covered. Then the
advantages ofenerating and interpretirgwaves in conjunction with #aves for geotechnical site
characterisation is discussed, prior to introducing the concepeismic anisotropy. Further, the
acquisitionof seismic data for tomographic analyssliescribedwith the different equipment shown.

Finally, the curvelet transform and its ability to denoise seismic data is introduced.

Chapter 3, Paper| showsthe application of a céocated Pand Swave tomogaphysurvey in Kuala

Lumpur to delineate a large zone of weakness for a geotechnical site characterisation edGalarge
infrastructural projectConducting such a elocated survey showedal betterinterpretation capability

than a Por Swave tomogranon its own Elastic parameteyrge. P-to Swave velocityr at i o, Poi ss o
ratio, bukmo dul u s, Youngds modu laresderigen é&m thehReandsSiwave r mo d u
tomography datarhis enhancedhe interpretation, as areas with limited travelt@eeuracy and thus,

an increase in tomographecror, could be identified, and the extent of a large cavity could be estimated

more reliably.
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As the papers first author, | lead the data acquisition, processed and interpreted the data and wrote the
paper. e second author, Thomas Fechner, had the original idea of acquiring and interpreting co
located Pand Swave tomography data. The third and fourth author, my PhD supervisors Musa Manzi
and Raymond Durrheim, read the manussipid provided thoughtful coments.

Chapter 4, Paper Il describedlifferent measurements conducted to derive tweafe velocityin the

area of the onshore Groningen gas field in the Netherlamds a depth of 30 nThese measurements
include offset seismic cone penetration tesf®SCPT) multichannel analysis of surface waves
(MASW), microtremor arraycrossborehole tomography and suspensiof§ Rogging Specifically,
MASW, OSCPT and tomography measurements revealed considerable latgsale Sselocity
variations of the unconddhted sediments. The measurew&e profiles were used to update the
velocity model in the Groningen gas field and will be useful for a better seismic hazard and risk analysis

in the future.

The primary authors of the paper, Rik Noorlandt, Paulineu€ériiMarco de KleineMarios Karaoulis
andGer de Langef Deltares were responsible for the geophysical project management, data integration
and wrote the majority of the paper. | contributed by leading the tomography data acquisition, analysing
the dataand writing of the tomography section in the papigther ceauthors contributed for data
acquisition and analysis, or were project partners.

Chapter 5, Paper Il discussesseismic cros$®orehole measurement$n a nearsurface aquifer
environment athe SAFIRA research facility in ZeitZGermany Two different directimal sources were
employed,a horizontal and vertical source, and the data were recorded wittadatrimulti-level
receiver array. The two different directional sources produegdves, hazontally polariseds-waves
and verticallypolarised Svaves. A jointinversion utilising crosgradient constraints improved the S
wave tomograms and enabled a better interpretation than the individuedyeid tomograms on their

own.

As first authormy contribution to the paper was the following. | had the original idea of testing with
two directional sources to acquire data for tomographic analysis in an overconsolidated environment. |
initiated a search for a suitable test site, conceptualiseslithiey and lead the data acquisitionsite.

| further had the idea qbintly interpreting the data, wrote the inversion code, analysed the data and
wrote the papeiThe second author, Thomas Fechner, had the idea of manufacturing the equipment that
wasused, supported me with the survey conceptualisation, helped with the data acqpasitiatty

funded the projednd read and improved the manuscriptee third and fourth author, my supervisors

Musa Manzi and Raymond Durrheim, read the manuscriptgrovided thoughtful comments.
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Chapter 6, Paper IV discusseshe sameseismic dataset fotomographicanalysisof Paper Ill.
However, n thispaper anisotropyeffects are examined moredetail. First,a polarisation analysis is
conducted, which revead a anisotropyzone that can be approximated by a vertically transversely
isotropic (VTI) medium Then, a joitrinversion for VTI anisotropy parameters is proposétising
crossgradientconstraintdo stabilise the inversiorrinally, an inversion fothe anisotropyparameters

is conducted, which shows considerable¢10 15%) Swave anisotropy. In comparison thev@ve
anisotropy isegligible leading to the interpretation thatdave anisotropy is far more severe in a near

surface environment comyeal to Pwave anisotropy.

The author contributions for this paper are similar to the ones for Paper lll, since the same dataset was
used. As first author, | had the ideadefiving anisotropy parameters inyerting the traveltimes, wrote

the jointinversion code, analysed the data and wrote the paper. The second and third author were my
supervisors Musa Manzi and Raymond Durrheim, who read and improvedathgscripts Fourth

author, Thomas Fechner, had the same contribution as for Paper Il

Chapter 7, Paper V shows the application of the curvelet transform to enhance legacy seismic data
from the KalaharKaroo Basin, Botswan&ince the discovery of coalbed methane (CBM) resources,
these seismic data, initially acquired in the 198i;ame relevantgain The paper describes an
effective procedure to denoise legacy psisck reflection seismic data, by operating in the curvelet
domain and manipulating the curvelet coefficients by different thresholding techniques.

My contribution as first author vgahe following. | wrote the code for denoising the data, processed the
data and wrote the paper. The second author, Musa Manzi, had the original idea of applying the curvelet
transform to data from the Kalahd¢aroo Basin and read and improved the manptsc Third author,

Raymond Durrheim, also read and improved the manuscripts.

Chapter 8 concludes the findings and provides an outlook for future research
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2. GEOPHYSICAL THEORY

2.1 Seismic Tomography

Computerised tomography has its origin in medical imagiigerefor example XRay or ultrasound

sources and receivers are closely placed around a patient to produce detailed images used for diagnoses
(e.g. Kak, 1979). The geophysical community caught on to the new opportunities provided by
tomographic imaging,dth in the exploration and global geophysical spheres. For example, tomographic
imaging based on seismic traveltimes from earthquake sources proved highly sugtéssfyingthe

circulation of material in the mantle (van der Hilst et al., 198&bducion slabs (van der Hilst et al.,

1991 Pavlis et al., 200)2and mantle plumes (Zhao, 200@hefirst application of tomographic imaging

in an exploration seismological setting was conducted by Bois &t 4872 between two reservoir

wells. Sincethen, crossborehole seismictomography has evolved to a commonly applied -igh

resolutionmethod.

The principle of seismic tomography isgstimatephysical property distributions by usingnamber of
different projections. These projections are usually theettimesalong a raypathbut can also be
amplitudes(Quan and Harris, 199,7pr more recently the fuBeismicwaveform(Lith et al., 2014)

Figure 2.1 shows the principle of tomography by sampling a medium in between two vertical boreholes.
The lines shw theprojections, in this context they are the raypaths of the seismic wianaesa the

traveltime inversiora physical property, such as seismic slowneas,beestimated

Sampling with Projections Physical Property

NN

\

Inversion

=)

Figure2.1: Principle of crosdorehole seismitraveltimetomography. The lines show the sampling of
the medium and are the raypaths, i.e. ttageptions. From a traveltime inversiarphysical property

distribution,for examplea 2D P-waveslownesdlistribution can beestimated
Seismic tomography is a subset of inverse theory, whereby a function, i.e. the physical property, is

reconstructed from its line orgie integrals (Natterer, 198@) other words, the measured projections

are the Radon TransformRfj of a physical propeytfunction f) summed along a liné.)
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YW Vo N B (2.1)

The challenge is to find the physical propeflyfom the measuremenf], through the inverse Radon
Transform, for which there are many different approachhese can be categorised into transform
methods, such ditered backprojection and Fourier techniques, and series expansion methods, such as
the Simultaneous Iterative Reconstruction Technique (SIRT) algorithm anesdgemses methods
(Stewart, 1991).

Most of thesemethods discretise the medium intmany dfferent cels, with the medium property
assumed constant @ach cellGenerally in seismic tomography, we have to sum the model property in
a given cell with the distance the ray has travelled in that particular cell. This principle of discretisation

andsummation for a single raypath is showrigure2.2.

Figure2.2: Principle of discretisation in seismic tomography. A raypath passes througmgetisand
mu. The traveltimgz ) is a sum of all radel cell properties and the raypath segment distarfoesxs
and x (modified from Vesnaver and B6hm, 2000)

Theraypath associateslith thetraveltime g ) in Figure 2.2 passes througtellsm,, ms and m. Thus,
thetraveltime g ) is givenby
z @i @i @i h (2.2)

with the modeklownessi( ) and raypath segmen®®), that correspond to th&riaypath The raypath
segmentsi.e. lengths of the ray in each calte simply the traveltime derivaés (or Jacobian matrix)

with respect to the slowness model

] TTI,—Z‘S (2.3)
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Thus, br many raypathsquation 2 can be expressed in matrix form as
w TTTZE ¢ ih (24)

with the Jacobiamatrix ), the discretised slowss model i), and the observed traveltimgs.

Equation 2.4 is nofinear, in thathe raypathsd@) are dependent on the slowness moidel)(andneed

to be updatedfter the computation of a new model ( ), at iteratiork + 1. Therebre, euation 2.4

is iteratively solved, starting with a first guessed mdegj. the average velocity for all traveltimes with
straight, linear raypaths)Subsequent raytracing provides calculated traveltimes, which are then
subtracted from the observé@veltimes, forming a traveltime residual. Thus, the slowness nmdel

updated by solving for a modedgurbation(ai ) that fits the traveltimeesidual ¢ )
& 38 (2.5
The modeli( ) is then updated by adding the perturbatisin Y
i i 3 8 (2.6)
Further iterations are computed, starting with a raytracing through this updated imodél (

Because, a raypath generally only passes through a very limited number of model cells, the £acobian (
has the following features. Firstly,consists mainlyof zeros (in general approximately 1% are non
zero). Secondly, the matrix isuallylarge. Even for a relatively smattaveltimeinversion, we have at
least 1,000 traveltimes and 10 x 20 model cells. The Jacdbianfld then have 200,000 (mostly zero)
entries.Thirdly, the matrix is illconditioned, with condition numbers as largepas not uncommon
(Scales et al., 1988Finally, even thoughhe matrix has generally more rows than columns (i.e. more
traveltimes to fit than model cellsjt is generally still an undetetermined or mixedetermined
problem that needs to be solvEdr that reasgmo single solution exists to equation 2.5 @nslusually
not possibleto simply compute thegeneralisednverse £ ) and solve for the modglerturbations
(31 ) with

i € 3. 2.7
Since there is no unique model to fit all the observatjopequation 2.3s generally solved in a least
squares sense aad objective function is digfed that is subsequently minimiséithereare different
methodgo achieve thisln this thesis, Lsed two different approachésrstly, | solve equation 3.by

using the software GeotomCG, which employs the Simultaneous Iteratives&ection Technique

(SIRT) algorithm. | used this algorithm in Chapter &1d 4, for exampldo invert R and Swave
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traveltimesand estimate Pand Swave velocities in a karstic environment in Kuala Lumpur and to
obtain elastic properties prior to constiion of a Mass Rapid Transit statid®econdly, equation 2.5
can be solved with an LSQR algiin, which | used in Chaptertb perform a joirinversionfor P-
and Swave traveltimes to estimate theslocities at theéSAFIRA site, and in Chapter ® estmate
anisotropyparameters, also at tISAFIRA site.

2.1.1 SIRT algorithm
The SIRT algorithm is based on the Kaczaawethod (1937) of solving simultaneous equatiand
first proposed by Dies and Lyle (1979) andsummarised by Stewart (199Mathematicdl/, equation

2.5 is solved, expressed as
with the traveltime residualg¥, ), the model slownes$ () and raypath segment®), subject to the
constraint that the model perturbations should &vas| as possible, i.e.
UsingalLagrange multiplief_), an obgctive function§ ) is formulatedfor equation 2.8vith constraint
2.9as (AkYahya, 1985p. 135

0 3 _@3i _378 (2.10

This objective function (equation 2.10) needs to be minimised. Thus, the derivative with respect to the

model parametet (4T 34 ) should be zero, i.e.

T O
13l

cal @ mh (2.11)

. @
3 —38 (2.2
C
When substituting equation 2 into 2.8, we can solve for the Lagrange multipliér (
4
B @

8 (2.13
With the known Lagrange multiplier (equation 2.13), the model perturbation (equatiomszitt?¢d as

320
2‘8
B @

wa (219

This equation can be understood as the multiplication of two factors. Factor one is ggznB@

andis the total slowness error. Factor two is giverzb B @ and is the proportion of thé& rayin a
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particularj" cell. Thus, the product of these two factors is ($mallest possibledlowness error that is
propationally assigned to the ce{Btewart, 1991)This is essentially the algebraic reconstruction

technique (ART), whereby the model ( is continuously updatedaypath by raypath

A better approach is to update the perturbation contributions only at the end, after all perturbation
contributions are determined. This is how the SIRT algorithm works. In other woedscell slowness

(i ) is updategsimultaneouslysing all of the slowness errors that are computed for the raypaths that
intersect that'] cell, such that

3l h (215

. p
3 -
U

with the number of raypaths ] thatintersect cell

This model slowness perturbatia (, equation 2.15), is added to the previous slowness rtiogidly

using equation 2.6. Subsequently, a raytracing algorithm, in case of GeotomCG a raytracing algorithm
of Um and Thurber (1987), is employethich finds new raypath segmentghe process of finding a

new slowness perturbation (equations 2.14 and 2.16giwepeated. The stopping criteria is usually
limited by the number of iterations (e.g. @¥tracing an&IRT iterations).

2.1.2 LSQR algorithm

For the SRT algorithm the objective function (equation 2.10) was defined with the constraint of
minimising the model perturbation updatdternatively, an objective function can be defined directly
from the fundamental tomogrhje equation & by minimisingaresidual error ('l) of the form (Scales

et al., 1988)

Ty T h B op8 (2.16)

Generally, for the sake of simplicjthe leassquares version of equatiori@is chosemalthough some
publications show that the choice of Aspnorm or an Jb¢norm with the removal of outliers.e.
p D ¢, may be better, since outliers effect the lsagtaresb¢gnorm more (Nolet, 1987. 14.

Nonetheless, the leastjuares version of equatiorigis given by

STy 8 T h (2.17
1"y Y B h (2.18)
B T T 2 7 S - A Y/ (2.19)
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TTOYa 0 e Ya oYt Yt Wa Yt yth (2.20

~ v v v v

¢ gw ET Y ¢y Y Y8 (2.21)

Minimising”l "Iresembles the minimisation of the quadratic form in matrix notation, where the problem
i EI-0 A0 0O'H A6 H (2.22

Therefore, wheffinding the minimum ofl "l (equation 221), the lest-squares version of equation 2.5

emerges as

Vi gE &Y. (223

The problem with this leastquares version is its sensitivity to noise. For that reason the objective
function is defined with an addition@lkhonovregularistion term( ), such that

v o

R D AR Y S (2.24)

and the leassquares version then given by

i EE Y. (2.29
Theseleastsquaresquatiors (equations 22and 225) can be solvedvith anLSQR algoithm (Paige
and Saunders, 1982)hich is a variant of the conjugate gradient algorithNolé¢t, 1987) The LSQR
algorithm is better, both in terms of error and convergéNodet, 1984; Nolet, 1985Yhan the SIRT
algorithm and employs a factorisation dfe matrix producté € (or € € ) into anorthogonal
matrix ('B) and an upper triangular matiey), i.e. QRfactorisation Finding the nverse of this factored
matrix “Er]  is then straigorward, since the inverse of an orthogonal matrix is exait to its
transpose, i.€E “E, andthe inverse of an upper triangular matrix can be foeasily by back
substitution.Algorithmically, LSQR is iterative and has a stopping criteria basedconvergence

criteria, the residual ahenumber @ iterations

Equivalent to the SIRT algorithm, the slowness perturbation up@laie added to the known slowness
modeli (equation 2.6)This process is repeated by starting with the next curved raytracing iteration
through this new slowness mogdattil all curved raytracing iterations are perforngd the resulting

computed traveltimes are simil@anough, e.g. roaneansquare errorto the observed traveltimes
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2.1.3 Joint-inversion

Previously, thenodel consisted only of a single parameter, exga® slownes®r Swave slowness.
WheninterpretingP- and Swave traveltimesrecorded with the same acquisition geometry, then two
model parameter®-wave slowness and\Bave slownessan beestimated by jointly inverting the-P
and Swave traveltimesThe simplest version of such a jeinversion would be to expand the Jacobian
matrix to accommodate both &nd Swave raypath lengths, as well as the traveltime residual Wéttor
for both R and Swave traveltime residua(3ryggvason et al., 2002; Mdamp et al., 2011)Then the
inversion result produces a model perturbation ve¥torfor both the Pand Swavevelocity. Thus,

the Jacobia(g), model perturbation vecto¥{ ) and residual traveltime vectdy () are then given by

E M

£ g (2.26)
Vi G (2.27)
;Y
y o5, (2.29)

with the subscripts P and S denotingv®ve and Svave dataEverything else remairthe same, such

as the objective function and the solution using an LSQR algorithm.

Theproblem with this simple approach is the following. Firstly, thegvetravels at a far lower velocity

than the Pvave Depending on the velocity rati®(O) the difference in traveltime is a factor of
approximately 2 (consolidated rock, see GbaR) to 10 (neasurface soft sediments, see Chapter 4

and 5). Thus, when minimising the residual error, largely the& traveltimes are fitted to a better S

wave slowness model. Thewave traveltimes are only poorly fitted, since they play a smadiven
negligible role towards the error. Thus, an accuratea®e slowness model is obtained, but a peor P
wave slowness model. For this reason, | introduced a factor that compensates for this resolution
difference This factor(f ) is defined as the diéfence in standard deviation between tharfél Swave

traveltimes Hence, the Jacobiand regularisation () areexpressed as

., [& My
£ T & h (2.29)
1 Iy
o . (2.30)

Such a jointinversion approach was chosen in Chaptand Chapter 6, with an additional structural

constrainti.e. crosggradient constraint$p ensure goodgreement between the resulting models.
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2.2 Swave Velocities for Geotechnical Site Characterisation

Usually Rwaves are usedore frequentlyfor highresolutioncrossborehole seismic surveys for
tomographianalysighan Swaves (Paasche et al., 2014pwever, estimatinthe S-wave velocity has

many advantages for geotechnical site characteriz@iorus and Stoko€00Q Clayton et al., 2012

Firstly, the Swave velocity can be obtained in areas that are otherwise difficult to sample by drilling.
Secondly, Svave velocity measurements do not suffer from sampling biases as is the case with direct
push technologies, such as the Standard Penetrat&tn($PT) or the Cone Penetration Test (CPT).
Thirdly, the Swave velocity is a mechanical soil property and directly related to the-straitiShear

modulus(' ), expressed by the relationship
' VO h (2.31)

with the bulk densitym and the elastic shear wave velodity) that is generated at very small strain
amplitudes of less thap 11 b (Sully and Campanella, 1995)The relationship between théné&ar
modulus(G) and the shear stin (r ) is shown below ifFigure 2.3 The S$hear modulus increases with
a decrease in the shear strain, which depends on the amplitude of a seismic YlbratidrtheS-wave

velocity (O).
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Figure2.3: Relationship between the Shear modulus (G) and the shearstjamodified after Mayne
(2001) is shown. Note the inverse relationship between G aadd the flattening out of G for very
smallr . This flatteningout is referred to as thmaximum Shear modulus . The Shear modulus axis

is linear and magnitudes of G are dependent on the material.

This Shear modulus increases steadily for smaller shear strains, with the relationship flattening out for
very small shear strains. Thaseais denoted as the maximurhé&ar modulug' ), or also denoted

. Even though thetfar modulus does not approach an asymptote, but instead continuously increases

with smaller shear strairf€ox, 1856) this flattening out is practically consi@eras the upper stiffness
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limit of the soil andis thereforean important parameter in geotechnical enginegi@igytonet al.,

2012) For example it is used to determine the deflection of shallow and deep foundations, retaining
walls and embankmen(slayne, 2001) It is alsoused to evaluate the liquefaction resistance of soils in
earthquake prone environmesdrusandStokoe, 2000; TokimatsandUchida, 1990)Importantly,

applies to both drained and undrained environments, as the pore waser@moes not take effect
at these small strairfMayne, 2001)

Further elastic parameters can be calculated if botlPtlaed S-wave velocities are known. Among
t hem ar e P@)iYsosuonngbdss (@dothedmlk madulus(K), and the ratio between the P

wave and Svave velocity(O 7O ). These elastic parameters can be determined by

O cO.
————"h 232
60 (232
% ¢ p uh (2.33)
0,
. 2 (2:34)
o od

with the Rwave velodiy (O ), the Swave velocity(O ), and the small strain shear stiffn€ss).

The Swave velocity of a earthmaterial can be determined by a number of different seismic methods.
Principally, they can be divided into surface and borehole metadsng the surface methods it is
possible to determine thev@ave velody using refraction seismic analysing surface wavess.g.using
theContinuous Surface Way€SW) or theMultichannel Analysis of Surface WavedASW) method
(Claytonet al., 2012)Borehole methods include the Downhdlest (DHT) andthe Crosshole Test
(CHT). In addition, Swave velocities are often measured in conjunction with a einesih system such

as the seismic cone penetration testing (SCERapter 4 discusses differenéthods to estimatihe S

wave velody, which is then used timprove the characterisation of ground motion recording stations
at the microtremor and earthqugk®ne Groningen reservair the Netherland$dowever,all of these
methods with the exceptiorof refraction seismic 8vave surveysobtain a 1D Swvave velocity

measurement along a profile or depth interval.

Of the above methodsrosshole testings similar tothe Swave tomographynethod that | used in
Chapters 3, 4, 5 and Bora CHT at leastwo cased bieholes are required to lower arw@vesource
in one borehole and a receiver in the other to an equal elevation. Subsedeatgs are generated
at the source, which travel through thediumbefore being recorded at the receiver. Thevartime
of the Swave is picked, usually by either the crossover method (Tanmmoliurzeme, 1973Mackens

et al., 2017, or by the cross correlation methiigee and Santamarina, 200#4) the case that three-o
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linear boreholes with two iine receives are available. This arrival time is then used in conjunction
with the distance between the boreholes to determing-weeve velocity, see ASTND4428(2000) for
astandardised proceduwsed in industry

There aever al tlh@HnT t @i oendsO B209.r, Fir st , straight r
source and receiver areSwaseumed.ocThues the abt
heterogeneous env$Swawmemnewdlso owiittyh W aart ewaatapnast.h | n  a

may sloimewhere elesglahygogeéei héer horizontalaveayers

arrivals can be challenging and, asti nceneea cplr ocheep tt
di splays onl jnmeat §iwvagke meaadaslemds can thiUbi bdl gjff
t he -bonrteelrol e materi al i s s anfolnesde gfucarnhte n@bwyat vdeiom é & o

velocities rely on only a few 1D measurements.

To overcome the€éTubmid$vaadnMeeco mesgoaphhemet-wadet o e ¢
vel ocitnesaddition, the usage of -wdavdserwewinthddifef

pol arijisahichstravelled at different velocities i

2.3 Seismic Anisotropy

| nn aani sotropic medium, waves travelling in diff
words, the seismic velocityhiessangimecdepeéodenty (
andwaSves, and for al lsodetriematkarcd etso The anigmet hal
medium is also called a hori zontwiltlhy at rhaonrsivzeornsteal
axi so.t hfetrt he mamsglonlrye fteres pool ar angl e, when the
veitally transversel y wigdt rao priea t.(réall tVem endneeudm yu ma x
anmglol ar ani sodrmaupise quusahdt ipynt e Ot haongeab|dyaehsen | ay e
need be horizont alme(dasun)tshaot hferia atsaee dt ©trad @neV Tvier t i

case femedanum)T.l This is especially the case for
I n such a case, the materi al is descri byedaxiss a t
(TTedi bm) more complicated scenar i otshaezti mait hall o @int

pol ar amgel es,pevalkkenof an ort hor hommird hmgoinwarm orm,i ein

in the horizont al pl.ane, of a monoclinic medium

An exampl e o&niaspsiteai srnoiccka lil sy s h dhioer ii zhcanfieagliumn @ @f 41
sandstone | i kely causes the v(eVTolcinedIitnomabded idtei poenr
joints most |ikely casuweednlaiztinmed had mdepledmRzinc vy
ani soAmiopoytropy i s the temthimeangmanffamm ¢ hef mi lte c
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the arrangemetnhheaocof oscgpital] ssutb as | ar goet rforpayct ur
isherefore distinct from heter Jgdmensteyr,, WwHIO2H i s

-~

e

Fi g24Eex a mpfl(emmo st sleii ksariy) ani s oMurcokpriocs sr otteka.d ,Helrree | a
with thefl ayhwerismp@mdst one and joints causing prob
symmetry (modified from Thomsen, 2002) .

Anal ysi-mgr et ®mlses s eiistmipco sdsait bal thaakde se X ami can be ap|
bya VTIliumedince the raypaths assforconathdar iweiotnht atlh e
verticalth@hsub$eqaeeenstt ifnoactuisn gl iNeTsl ropasnt acosbdsperss it

approximation to descri Yet tahehrineexti enrhitbeed naesir sat tard
assumption of idseortirvoep ya dadnidt ihoenl apls, taol tbeempr v enptl h

tomapgly ocessing and inversion.

The sdtrredisn r el ato oenxsahmipn ei ss euissedima t @t ia & &y raospvyi tchma t

full tensor description given by
K A RN (2.35)
where the stres€) is related to the straim)(by the fourth order elastic tens@ (). This fourth rank

tensor is quite difficult to handle and therefore a simplification was made by Voigt, (19260Q to

convert the tensor into a 6x6 matrix §. This mapping was possible due to the symmetrical nature of

the tensord ). The stressstrain relationshifis thenexpressed as
K #RS8 (2.36)

In the simplest case of isotropy the mattixassumes the form
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o # # CH# # CH Tt Tt Tt 0l
g T # # CH Tt Tt L1
L ] # T T T,
# T T T # T T .’? (237)
1 Tt T T # T 1
u T i T T T # U

The two independent elastic tensor compon#gntsand# are related to the Lamé parametdrsid
t) and to the bulk modulus (K) by

th (2.39)

3+

18 (2.39

Subsequently, the isotropie 8nd Swave velocities can be determined, with

=7

o L (2.40)
M

=™

8 (2.41)

21—

For sedimentary rockihe simplest assoption is that they are layeredo Tescribesuchmaterialasa
VTl medium is usually a good first approximatiéiar this special casthe elastic modulus matrix then

has five independeémomponents

# # CH# # T T T .
o 1]
1 # # T T L
# L 1 # Tt ] T g (2.42)
T T T # T 18] '
L) L T L L # T 11
u T T T T T # U

This elastic modulus matrix is used to solve the wave equation, which yields three indepalntiens
for the phase velocities of the three types of waves, which are the qwasiePquasi SKvave and
guasiSV-wave (Daley and Hron, 1977)

# O # # # OEfl $[ h (243
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with $ [ being the quadratic combination

$[ k # # CC# # # OO# # # ¢# OE[
(2.46)
#O#H  c# TH # OE[fi 8

They are called quasiRaves, because thewve polarisation no longer has the same direction as the
raypath or propagation direction. Similarly, for the quasi &t S\f\wave, the polarisatioisino longer

perpendicular to the raypath, i.e. to the direction of propagation. They are differerm vaottity of
the wavefront, th®-wave polarisation direction, is no longer the same as the velocity of the raypath, as

(b)
: X

Figure2.5: The velocity of the wavefront (Vn) is different from the velocity of the raypath (Vray) for

shown in Figur@.5.

(a)

<

an anisotropic mediunb). For an isotropic mediuna), the two velocities are the same. (Helbig and
Thomsen, 205).

Due to the long quadratic term (B equation 246), these solutions tend to be difficult to handle and
nonvintuitive. Therefore, Thomsen (1986) introducedfi¢p ar a mejtaerrds 20U ,t hmplify woul d

the above equations with

FA; 24
R o (247
2 P -
) - C# # # #o# # ¢# h (248
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H*

With the vertical Pand Swave velocities

(2.50)

5¢

5

o) h (251)

5| 7] =] 7

theequations of Daley and Hron (1977), i.e. equatiod8 & 245, canthenbe rewrittten in terms of

T h o ms (&98&)amisotropy parameters

O J O p rROEfj $J h (252
O 1 O p g—ROE_ﬂ g—$zf h (253
O | O p ¢rOE| S8 (2.54)

Once again, a ter®° complicates the above equations2Xo 254, given by

sr kP & o O GEfADS
" q @) p O 10
) ) - (2.55)
TP OMO RRapf 49
p O 10

For this reason, the assumption of weak anisotropy is made by Thomsen @f@86) hich a Taylor

expansion of equation 25 gives

z

, ) e ] f o
$° f po.—mOEJIAI O rROE]8 (2.56)

With the introduction of the anisotropy parameter

z

P 1 -
the aboveangle dependentlocity equation®.52to 254 are simplified to
O O p 10ENAT © rROE[l h (258)
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Note, that for the assumption of weak anisotropy the wavefront and raypath velocities are similar.
The ef or e, t hevasgpmitteH or fAquasi 0,

The seismic velocity is now 26shpesnadexanplea howthée p ol
phase velocity changes for different angles. The anisotropy parametes measured in Wills Point

shale and derminedasr T& p,p T p,v T U, Mith vertical Pwave and Svave velocities

of O pmul @gOand® o Yix TO(Robertson and Corrigan, 1983). We can see that-thavié

and Swave velocities can be highly influenced in an anisotropic environment.

90° Horizontal
phase velocity [m/s]

_— VPO- isotrpic
—— V- isotropic

0° SH
Vertical phase velocity [m/s]

Figure2.6: Re-producedorward modelling of anisotropyarameters by measuring angle dependent P
and Swave phase velocities in Wills Point shaRopertson and Corrigat983) TheVTI parameters

ae®O pmnu@PQOd oyYykTQr TR p,9 T p andr T® Y.T0

o -

TheRwavefront i's spherical i f U = U0 = -wvefromtis whi ch
el liptical if U = 4, with theé& antidr.t landl lionlg atxh
wavefrontt s no | onger el liptical. I n that cwesical, U wo

directions and U woul d a p fhoriportal diractioes. Theshatlard loqgs e f i
axes of the ellipse are then still given®y andO . Laboratory measurements have shown that it is

common that U | 4 (Wang, 2002), and therefore, t
carefully, applied.
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The S\Vtwavefront is the same for the vertical and horizontal directiomsalFangles in between, the
par amet e® sfO Watio déterminedhe divergence of the wavefront from the isotropic spherical
case. Since the velocity ratio is squared, it is expected that in theursre environment, where high

O 7O ratios of 5 or higher are commaaven small anisotropy is likely to have a large influemee

the S\twavefront. This ishown in the forward computation for small amountS\¢fwaveanisotropy

in Figure2.7.

Horizontal

phase velocity 300 m/s 600 m/s

E01Y | o Gl = kit (Rmiat (e R (esin i e i) [ | I e e | 1

= -: AL h dsomss] 900/mys 20
i H
-60° 60°
Vl/Vs=2 -----
-30°

departure from ellipticity 0°

£-6=0.02 Vertical phase velocity

vp= 1800 m/s

vg = (300, 450, 600, 900] m/s

Figure2.7: Forward modelling of SWvavefront anisotropy effects for varyitg 7O ratios. The P
wave velocity was kept constant at 1800 m/s, as well asntladi departure from ellipticity @i t) a't
0.02. The isotropic wavefront is shown by the seirdular solid blue line and the anisotropic wavefront
is shown by the dashed line. We can see that for Qigd ratiosthe wavefront departs substantially

from the isotropic circular refene, even for such minor anisotropy

The SHwavefront is slightly simpler thanthe Bnd SM\wavef ronts. Only the ani:
determines the Skavefront shape, i.e. the Skhvefront is always elliptical (as long as the assumption
ofaVTlmediumi s valid). It is important to note, that
positive definite. For solid sedimentary rocks, the anisotropy paranze{gmerning the SHvave

anisotropy) andJ (largely governing the ®ave anisotropyjpre usually linearlycorrelated (Wang,

2002). If this relationship also holds for unconsolidated rocks and soil as found in tisuriaee is

not reported.

As seen irFigure 2.6 differently polarise&-waves will travel with variable velocities in anisotropic
medium. In geotechnical publications (e.g. Ku and Mayne, 2014) often three different types of polarised

S-waves are discussed. Firstly, there is a horizontally polaBseale travelling horizontally, denoted
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O . Secondly, there is a \ttamally polarisedS-wave travelling horizontally, denotéd . Both of
these Svave modes are generated by directional sources in ahwossole setupAnd thirdly, a
horizontally polariseds-wave travelling vertically downwards exists, which is ded® . This S
wave polarisation is generally produced when conductidgwnhole survey. By looking ag@ations
2.58t0 2.60again, we see that these th&wave polarisation definitions are in fact just two, since the
O wave typeissimply) ,i.e.0 mJ

Further mor esughiedurseyT2. g diewcmbsorerhmd £ measur emer
horizontaderamadalsubaypat hs, t o a far greater €
measur.e memits uisst r a 2@adnwdiars Eiogpdrn e med by Cshowed et
with tomogwapliywgoddalalt even nweucke ;s taruicstautrradpgyy c an
artef awatvse ithormd grmma ms,cant |l y di st oghapgeéedcsaretstul dt taen
t omogr am. Such waseéoromogesams haee Pal so been r e
(e. g. Pratt and -wGhvaepsmatnh,e 1a9n9i2s)o.t rFoopry S| ays an ev.
t hewaSY e polarisationtihe dlhwayandepémadvermatni st ropy
the strength of the anisotropy.whemerieftere,r edaning
data for tomagdaphisobanapyspar amet erPsubiln dctértp ocornat
addresses the anisotropy oSAFhhRAtne,asluymahkeEhtys co
param2t@®rl,and hrough a joint inversion.

Reflection Seismics

Tomography

‘Weak Anisotropy Moderate Anisotropy Strong Anisotropy

Figure2.8: Crossborehole measuremenivith the angular domain highlighted in red, are severely more
affected by anisotropy compared to surface seismic reflection surveys, with the angular domain
highlighted in greyThe slowness (qP, gSV, gSH) as a function of polar angle illustratémtdgfied

after Helbig and Thomsen, 2005
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2.4 Acquisition of Seismic Data forTomographic Analysis

Borehole sources and receivers can be used to acquirel Swave datdor tomographic analysisn

this thesicrossboreholedata acquisition was conductedmequipment from Geotomographie GmbH.
Geotomographie produces a number of different borehole sources and receivers. Among the sources are
a Pwave sparker source of the type SBS42, horizontal sourceSBI&d BISSH-DS, and a vertical

source BISSV. These sources are electrically powered by either a 5000 V (sparker SBS42 and
horizontal source BKSH) or an 800/ impulse generator (SH source BEs-DS and vertical source
BIS-SV), denoted IPG5000 and IPG800 respectively. Figi@eiws the 5000 V geneaa and the

two sources that can be connected. Figul® 28hows the smaller 800 V generator with the two

directional sources that can be connected.

The horizontal sources BISH and BISSH-DS are similar in their construction. A number of
electromagneticoils are placed adjacent to a copper plate. The copper plate and the aeifsied

when an electrical current flows. This causes the plate to strike the side of the borehole wall. This
sideways mechanical impact produces both a horitpmalarised Swave and a Rvave The sources

are coupled to the borehole wall by a pneumatic clamping device in the form of an air bladder and
function in both water filled and dry boreholes.

The vertical source BISV also functions with electromagnetic coils anpneumatically clamping air
bladder. In this case the coils aepulsedverticdly, which produces a verticahearing motion on the
side of the borehole. Due to this shearing motiorherside of the borehole, lessmpressional energy
is transferredhorizontally irto the material compared to the horizontal source, i.e.4vav@ content

of this source is loweor a crosshorehole setupl'he source also functions in both dry and water filled

boreholes.

The sparker type SBS42 has two electrodes iatanfilled chamber. When the energy from the impulse
generator is released, a spark discharges through the water chamber. Thereby the water is vaporised,
which rapidly expands and collapses, producing predominamtiges. Therefore, the sparker source

functions only in water filled boreholes and needs no direct coupling to the borehole wall.
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‘Qﬂ .’

Figure2.9: P- and Swave generating equipment using the 5000 V generator IPG5000 (a). Triggering
occurs remotelyising the yellow remote control unit. The horizontal source®tSb) generates both

P- and Swaves, and the sparker source SBS42 (c) generateatniglitude Pwaves (photos provided

/.

(©)

by Geotomographie GmbH)

(2)

w

Figure2.10: 800 V impulse generator IPG800,(ahich powers the horizontal source BE&-DS (b)
and vertical source BISV (c) (photos provided by Geotomographie GmbH).

A hydrophone string type BHC4, usually consisting of 24 Channels spaced iamtdrvals, was used

for P-wave tomography data collection and a msi#tion triaxial receiver array (MBAS), consisting

of up to 10 stations spaced at 1 m intervals, was used to record both8wvave data. The hydrophone

is connected to a seismoghapn surface, while the mulstation receiver array has digitisation units
installed next to the tiaxial sensors to digitise the signal prior to sending it up the borehole and to the

connected computer software. The two versions of receiver equipreatigdayed in Figure 2.11
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(b)

Figure2.11: Receivers used for tomography are shown, which includes thestatltn (7 depicted)
tri-axial receiver array (a) and a hydrophone string with 24 receivergpliotos provided by

Geotomographie GmbH)

Before conducting a tomographic survey, the boreholes were prepared. Generally, the boreholes had an
inner diameter of at least 75 mm, were cased with a polyvinyl chloride (PVC) pipe and grouted with a
cement bentdte mixture. For high resolution tomography the distance between the two boreholes
should be known for all shot and receiver positions. Therefore, a borehole verticality survey was

performed to measure the X, Y and Z coordinates of the boreholes with depth

The data acquisition sequence was generally thewfimg for an Swave tomographyurvey. The

source, either one of the horizontal sources-8t5or BISSH-DS, or the vertical source BISV was

lowered inoneof the two available boreholes to the lowsisooting positionconnected to the impulse
generator on surface and pneumatically clamped to the borehole wall. In case a horizontal source was
employed, the source was aligneefpendicularig a 90° or-90° anglé to the receiver borehole. The
multi-station receiver array was lowered in the other borehole to the lowest desired position, aligned in
such a way that one of the two horizontal receivers is facing the source borehole, pneumatically clamped
to the borehole wall and connected to a computer.eaah depth the horizontal source was shot
perpendicular to the receiver borehole, to emiteyes of high amplitudes. Once sufficient data quality

was achieved, this perpendicular shooting configuration was reversed for each depth to reverse the
polarity of the first arriving Swvave. Originally, it was expected that this orientation from surface would

also align the sources and receivers at depth. Later polarisation analysis showed that this was not the
case, see Chapter 6: Publication IV. Thus, the veceihad to be virtually aligned prior to further

processingdpy an axial rotation

Surveys employing the vertical source were conducted in a similar manner to the horizontal source
acquisition, shooting up and down instead of shooting perpendicular toeteé/er borehole.
Subsequently, the source was moved upwards to the next depth position until data were collected for all

depths. Usually the shot and receiver interval was 1 m. If the MBAS receiver array needed to be shifted
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by a spread upwards, theretbhooting for the lower spread would end a number of positions above the
spread. Shooting for the subsequent, higher, spread would start at a lower position than the lowest
receiver. This ensured that sufficient data coverage was achieved in the deptmevwen spreads met.

This is illustrated in Figure 22. The acquisition sequence for conducting/d/e tomography using

the sparker as a source and BHC4 hydrophone string as receivers was analogous-iavhe S
acquisition sequence described above.
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Figure2.12 Typical Swave acquisition sequence using the I3 and a 10 station MBAS receiver
array. Here thseismicdatais gathered for depths of 40 m to 1 m for a total of 4 receiver spreads. The
recever and shot spreads are shown in @&gsectional view, whereby ther€ek letters associate the
receiver with the shot spreads. The plan view shows the shooting direction of tSHBEther
shooting in a 90° 090° angle to the receiver borehole, dhd receiver orientation of the-XY- and

Z-channel.
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2.5 Curvelet Transform

The curvelet transform is aathematical multscale and mukldirectional transform to sparsely
representwo or moredimensionadatg and originating inmage denoisingpplicatons Candés and
Guo, 2002 Starck et a].2002; Cands and Donoh®@004). Mathematically the construction of curvelets
is givenby Candéset al.(2006). First, arrvelets areconstructed using two windows, namely a radial
windoww i and an angular wirmv @ 0 . These two windows obey the admissibility condition, in
that

N O
P (2.61)

oo a ph iv PRs (262
Cq
Further, hese two windows atienused to define a frequency windéwin the Fourier domain

R ¢/ e
Yolh— ¢ To ¢ o S C h

(2.63)

with 6% Omeaning the integer part . This frequency windowy is therefore an angular wedge,

limited radially by the windowo andangularly bythe windoww. The inverse Fourier transform of

Y1 * 1 thenyieldsasc al | ed f mo ¢ hThis niother waveleeof seate is rotated

and translated to derive all other curvelets of that scale. The rotations inngles rom— ¢“ t

¢ 87 %y with & TipfB , such thatm — ¢*. Thus, the angular spacing between adjacent
curvelets is scale dependent (at low scales, relatively few angular wedges are defined, and at high scales
many angular wedges atefined). TharanslationsQ) involve all sequences of thedimensional space

(inthe 2D caseQ "QRQ ~ ¥ ). With these rotation&) and translationéQ), curvelets of scale

can then be derived fradtim the Amothero curvelet

Wwo® g2 © " h (2.64)

with the standard rotation matix by —radians.

Thus,a arvelet coefficien{c) is then defined as the inner product between a funi@on s and

a cuvelete yp

OAIO k 0 O Q0 4 @O @ (2.65)

q6
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The curvelet transform is a tight frame, in that any functidh, s , can be represented as a
combination of curveletsAn example of different urvelets in the spatial and frequency domain is
shown in Figure 2.13. The curvelets possess different scales and angular directions, stemming from their

construction in the frequency spdéégure 2.13 c)
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Figure2.13: Curveletsof different scales and angular directi@me shown in the spatial (a) and Fourier
domain (b). The construction of the curvelets takes place in the Fourier domain, which is partitioned
into angularly and radially constrained windo\c). Curvelets of scale 1 are at the centre, and the
highlighted curvelet (d) is of scale @nodified afterGorszczyket al, 2014).

Curvelets have an anisotropic geometrical dethiamndistinguishes them from wavelets. They follow

the parabolic scalg relation, in that a curvelet at scale , is constrained by an envelope of length,

also called ridge; T and a widthof ¢ . Thus, for finer scales, the curvelets become more and more
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anisotropic or needigke in their designThis feature makes them ideal to sparsely repredgati
which are characterised bythasmooth and edgée boundariessuch aseismic wavefrontd-or this
reasonthe curvelet transform has beeunccessfully applied to reflection seismic data for denoising
applications Hennenfent and Herrmann, 200&elamani et al., 2008; Shan et al., 2088rszczyket

al., 2014;Naghizadeh and Sacchi, 2018

This denoising procedure is usually applied in the following way. Take the curvelet transform of a
seismic image, threshold the curvelet coefficients, arallfiperform the inverse curvelet transform.
This procedure is outlined in Figure 2.14.Chapter 7, Publication V, a similar curvelet denoising

procedure is applied to enhance reflection seismic data from the Kefanad Basin, Botswana.

Threshold

Coefficients

Original s Inverse Denoised
Data 7 Transform Data

Figure2.14: Denoising procedure using curvelet thresholdmgdified afterHennenfent and
Hermann, 2006).
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3. PUBLICATION I: ELASTIC PARAMETERS FROM COMPRESSIONAL AND SHEAR
WAVE TOMOGRAPHIC SURVEY: A CASE STUDY FROM KUALA LUMPUR,
MALAYSIA

An integrated Pand Swave crossorehole tomographic survey was performed in the city center of
Kuala Lumpur, Malaysia with the aim of exploring a karstic limestone area near an area that previously
encountered cavities. Horizaly polarized shear waves were generated with two opposing,
perpendicular strike directions and recorded with a AiNtl, threecomponent receiver array. This
allowed a high quality picking of the traveltimes, whereby the wave train reverses atelod thm S

wave arrival. In addition, high quality sparker generateglaRes were recorded. The &d Swave
traveltimes were used to invert for two-lomated tomograms. These tomograms enabled a better
interpretation capability than a- Br Swave tomogam on its own. The tomograms enabled the
calculation of the elastic parameters, i.e.t°’Swave velocity (Vp/ Vs) rat.i
modul us, Youngb6s modulus and the shear modul us,
aided thdnterpretation, as areas with limited traveltime accuracy and thus, an increase in tomographic
error, could be easily identified, and the extent of a large cavity could be estimated. The interpretation
of the tomograms was constrained by two additionataes, which provided more confidence on the
delineation and location of cavities at depths. The survey shows the benefilbcating P and S

wave tomography surveys.

3.1 Introduction

Kuala Lumpur, Malaysia has been undergoing continuous expansion agldpeent in the past
several years. As a measure to cope with the increase in traffic, a new Mass Rapid Transit (MRT) line
is planned, whereby a tunnel boring machine will be employed. Such tunnel boring machines can have
difficulty operating in karstic mvironments as found in Kuala Lumpur, particularly with varying bulk
densities of the material. The construction of a tunnel in a geological environment that is not adequately
explored and understood can be costly. For example, the construction of tlreikdéér\Sewage Tunnel
between 1984 and 1993 did not take the extent of the karstic environment into account, which led to
remedial grouting and linings, costing an additional 50 million dollars above the initial estimate (Day,
2004). Therefore, exploring thgeology beforehand in a karstic environment is highly advisable, and
this motivated the MRT construction company to commission-l@aaied crosborehole Pand S

wave tomographic survey in tleentreof Kuala Lumpur. The survey was conducted in a paldity

karstic area with the presence of cavities already identified by exploration drilling.

High-resolution tomographic investigations between two or more boreholes are routinely conducted,
whereby traveltimes of horizontal and sudrtical raypaths aresed to image detailed structures in 2D

or less frequently in 3D. These tomographic surveys often employ compressional waves for the

44

(0]



exploration of geological structures, asvBves are easier to generate and record compareddoes.

For example, theecommendations given by the American Soil Testing Materials Committee (ASTM
D4428, 2000) for crosshole seismic testing are to use-t@ponent geophones at each receiver
position and to ensure good coupling of both source and receivers to the borahdrirthermore,

the orientation of the horizontally polarizingw&ve source is an important parameter to generate
consistent Svaves. For a better-8ave traveltime determination, it is recommended to reverse the
shooting direction of the-&ave sourcand thereby change the polarity of thev&ve arrival (Tanimoto

and Kurzeme, 1973; Sully and Campanella, 1995). In contrasave tomographic surveys are often
easier to conduct, for example with a sparker source and a hydrophone string, where oouiliect

or alignment of the source or receivers is necessary (e.g. Mackens et al., 2014). In addition, the
traveltime picking of Rvaves is usually easier and more accurate compared to pickivayes
traveltimes (Dietrich and Tronicke, 2009). For thessoas, few Svave surveys have been conducted
to date (Paasche et al., 2014).

Despite the challenges-vave tomographic surveys have a number of potential advantages over
conventional Rvave tomographic surveys, such as the high near surface mappigjoastue to the

lower Swave velocities. Furthermore, the joint acquisition and interpretation of seisiaz Fswave
tomographic data enables a more detailed description of the subsurface in terms of elastic soil or rock
parameters. These can now l@calated for a 2D plane in between the boreholes and with higher
resolution compared to conventional crosshole or downhole testing surveys. Such a combined
tomographic survey was performed by Angioni et al. (2003) to derive elastic parameters for gestechn
analysis of a bridge foundation. Even though they faced a challenging data acquisition, i.e. relatively
few, unaligned receivers, and only simple straight ray tracing inversions were used, the combination of
the two P and Swave tomograms provided efsl in the derivation for engineering properties.
Similarly, Dietrich and Tronicke (2009) show that these elastic soil parameters, i.e., the small strain
shear modul us, Poi ssonbs r at i o-toSYvava velgoitysratiorsws d u |l u s ,
useful in a joint interpretation. The small strain shear modulus, in particular, is an important elastic
parameter for larger building projects. The foundation and construction design is largely dependent on
the small strain shear modulus, since thifugrices the force transfer between the structures and the

soil.

Based on the general lack of studies aimed at combiningn® Swave tomographic data for
engineering analyses, we conduct such a survey on a portion of the planned MRT tunnel in Kuala
Lumpu. Our work shows that the docated measurements facilitate the computation of elastic
parameters which helped in the geological interpretation, identifying karstic areas and estimating the

degree of reliability of the tomograms.

45



3.2 Methodology

The tomograhic measurements exploring for cavities employed Rewand horizontally polarized S

waves between two 40 m deep, reeartical boreholes, spaced 20 m apart on surface. The site is
underlain by extensive limestone bedrock, known as the Kuala LumpurtbimadSormation, which is

highly weathered and karstic (Tan, 2006). Previous geotechnical excavations have shown an undulating
rockhead, solution channels, largeale cave systems and overhangs (Boon et al., 2017). An
approximately 13.5 m thick Quaternaailuvium covers the limestone, with the area being saturated

almost to the surface.

The experimental design was similar to other high resolutiavay® tomographic surveys (e.g.
Yamamoto et al., 1994; Fechner et al., 2015) anch$ tomographic surveys.f. Angioni et al., 2003;

Daley et al., 2004). For both Bnd Swave measurements, the source and receiver spacing was 1 m and
source excitation was carried out above and below the spread, to ensure a high degree of overlap between
neighbouringreceiverspreads and a dense sampling of the -inteehole material. To generate and
record the Rvave seismic signals, a Geotomographie sparker source was used in conjunction with a 24
channel hydrophone string. TheaRave signal was sampled at 32 kHav&ve signals were generated

with a horizontally polarizing $vave source and recorded with a sesttion threecomponent
receiver array, sampled at 16 kHz. Both the sparker and horizontally polarigiageSsource were
powered by a 5 kV impulse generator. Thlsctrical energy is transmitted by cable to the borehole
source. For the #ave source, a spark discharges through a water chamber, whereby the water is
vaporized, which rapidly expands and collapses, producing predominantly seismic compressional
waves. [er the horizontally polarizing -#ave source a number of electromagnetic coils are placed
adjacent to a copper plate. The copper plate and the coils are repelled when the electrical current flows,
causing the plate to strike the side of the borehole Whls sideways mechanical impact produces
predominantly horizontalipolarized Swvaves. The sources are pneumatically coupled to the borehole
wall by an air bladder and thev&ve source and receivers were aligned from surface by a rotationally
stiff hose.Four to eightfold vertical stacking ensured a high sigmatoise ratio, despite operating in

an urban environment, with traffic, construction and electrical noise in proximity.

3.3 Data Processing and Analysis

The Rwave data were of good quality enablincparate traveltime picking. The#ave data were
enhanced by applying a 1 kHz low pass Butterworth filter. An example -cdad”Swave shot gather

is displayed in Figre 3.1a and with visualizations in variable density mode. Thed#e and Svave
arrivals are clearly visible. An example of picking the traveltimes is shown in variable amplitude mode
for the Pwave (Figire 3.1c) and for the Svave (Figire 3.1d). The Swave traveltimes were picked on

the horizontal crossline channels. Therefore, the trawersal for the two opposing shots at 90° and

270° to the receiver borehole is visible and aided in th@a® traveltime picking process.
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Subsequently, all traveltimes weaealysedor their plausibility and rgicked if necessary. In total,
approximatéy 1,400 Pwave and 650-8/ave traveltimes were picked. The traveltime error is estimated
at approximately 0.5 ms for thev&ave picks and at 0.1 ms for theMave picks. A higher degree of
uncertainty in the Rvave traveltime picks exists for receiver®sg# to the surface at depths of
approximately 2 to 8 m. This higher degree of uncertainty is caused by a lowettgigoede ratio for

these neasurface receivers.

In addition to the acquired-Rnd Swave tomographic data, the borehole deviation waeasured with

a borehole tool that measures both tilt and azimuth. From those two angles the X, Y and Z coordinates
were determined and the deviation of the borehole was calculated. Both boreholes begin vertical, but
after a depth of approximately 20 to 26they diverge from the vertical position by as much as 0.5 m.
This divergence from vertical causes the boreholes to no longer have the same separation as on the
surface. The velocity determination is crucially dependent on the distance between theebprehol
therefore it was important to consider the borehole deviation in the tomography calculation.
Subsequently, both-Rind Swave 2D tomograms were determined with the program GeotomCG on a
three dimensional grid, similar to the one used by Polymenako§veeeton (2015), with cell sizes of

1 x 1 x 1.2 m (inline length, crossline length and vertical height). GeotomCG, derived from the US
Bureau of Mines tomography program 3DTOM (Jackson and Tweeton, 1996), uses a variation of the
SIRT (simultaneous iteratvreconstruction technique) algorithm, developed by Lytle et al. (1978) and
Peterson et al. (1985). The raypaths are calculated for each iteration with either arstyaightcurved

ray tracing algorithm, similar to the curvealy algorithm by Um and Aurber (1987). The inversion
requires a starting model, which was assumed to be homogeneous. This starting model was then
improved by selecting only the horizontal ray paths and performing dtdvedion straightay
inversion. This improved, horizontaladel was then used as the starting model for &téeation
curvedray inversion with all traveltimes of a wave type. Therd/e velocities were constrained by an
upper limit of 7,000 m/s, since the seismiavRve velocity in intact limestone is approximig 4,000

to 6,000 m/s (Birch, 1966; Sheriff and Geldart, 1995.11). However, the presence of weathered or
fractured limestone in our study area is likely characterized by relatively lower seismic velocities. The

goodness of fit was estimated with tle®tmeansquare error (fvave: 0.79 ms; Svave: 0.67 ms).
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Figure3.1: Examples of the shot gathers shown in variable density mode fortaed source (a) and
the Swave source (b), both at 36 m deptineTtraveltime picking is shown, whereby the data are
displayed in variable amplitude mode for thev&ve (c) and the-®ave (d). The traveltime picks are

shown by the black crosses.

3.4 Results and Discussion

The R and Swave tomograms are displayed in lig 32 with the borehole logs of BH1 and BH2

shown on the sides of the tomograms. Both tomograms show three zones which are also observed in the
borehole logs. The upper 15 m are characterized by o velocities (~ 1,500 m/s) of the saturated
alluvium. Below the alluvium, where the karstic limestone starts, both-thavié and Svave velocity

seem to increase sharplyiRve: 5,800 m/s and8ave: 2,750 m/s) at the bedrock boundary. Between

the elevations of about 12 to 19 m a large low velocity zBweaive: 2,700 to 3,600 m/s:\@ave: 1,000

to 2,000 m/s) is observed near BH2, which extends laterally almost to BH1. This area is likely to be a
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large, partially infilled, cavity, as observed fretborehole log of BH2 (see Figur@)3.Below this low

velocity zone, the velocity increases from 5,000 to 6,500 m/s for tweve and from 2,300 to 3,800

m/s for the Svave. However, both tomograms suggest that the limestone is not homogenous and that a
number of smaller cavities or heterogeneities (3 to 6 exiant) might exist at those depths as well.
Especially, the Svave tomogram shows more inhomogeneities than fivave tomogram, with S

wave velocities in the range of 2,000 to 3,800 m/s amé¥e velocities ranging only from 5,000 to
6,500 m/s. In relate terms, the range from minimum to maximusw&ve velocity therefore constitutes

a 90% increase, whereas thevve constitutes only an increase of 30%. Following the tomographic
surveys, two further boreholes, BH3 and BH4, were drilled to verify thidtsesvith BH3 confirming

the presence of the cavity as interpreted in the tomograms. A good correlation between botavibe P

and Swave tomograms and the borehole logs has further provided more confidence in our interpretation.

a) P-wave Tomogram b) S-wave Tomogram
BH1 BH3  BH4 BH2 BH1 BH3 BH4 BH2
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Figure3.2: Tomographic inversions for thewave (a) and the-&ave traveltimes (b), showing a good
correlation with the boreholes.

Once the Pand Swave velocities have been established and a reliability exists in the tansogirés

now possible to calculate the elastic moduli on a 2D plane between the boreholes. These moduli, i.e.,
the RwavetoSwave velocity ratio, Poissonbs ratio, bul
in Figure 3.3. In addition the shear modslwas determined by utilizing thevgave velocities in
conjunction with estimated density values, whdn Figure 3. To estimate densities, we applied a

similar approach to Paasche et al. (2006), whereby the tomograms were partitioned into three distinct
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zones using+neans clustering of the Bnd Swave velocities (Figre3.4a). These zones (kige3.4b)
are interpreted to consist of 1) alluvium with a density of 1,500 kg/m3; 2) moderately weathered

limestone with a density of 1,900 kg¥(e.g., Duboit al., 2014); and 3) intact limestone with a density
of 2,500 kg/m (e.g., Bourbie et al., 1987).

a) vp/vg Ratio b) Poissons Ratio
BH1 BH3 BH4 BH2 BH1 BH3 BH4 BH2
30 : ! 30 30 30
I mrealistic
25 25
20 g =" - ¢ 20
= By oas et s [T B < g o
E = g
= © 0. o
= =4 15 15 ©n
E Z S
5 3 2
| ST 10 £
5 5
] ealisti [} i
0 illllll&d 1SHC i Y : | 0
13 5 7 9 11131517 19 1 35 7 911131517 19
Distance [m] Distance [m]
c) Young's Modulus d) Bulk Modulus
BH1 BH3 BH4 BH2 BH1 BH3 BH4 BH2
30 ' : : 30
25
E 20 —
= o - &
g w o
e =3
= —:,' g
= 3 15 =
S = 3
5 4 =
53 & 10 =
] =
:e o
0
1 3 5 7 9 11131517 19 | B35 Limestone 1 35 7 9 11131517 19
Distance [m] =3 Alluvium Distance [m]
[ Cavity
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The elastic parameters are helpful at visualizing the subsurface structures and can also be useful in
identifying areas that are prone to error. For example,-thave to Swave velocity ratio (see Fig 3(a))
indicates very low values between 0.9 &nfl Such low Vp/Vs ratios are unexpected and could be due

to incorrectly determined traveltime picks and a low ray coverage in that area. Another explanation is
that the elastic bulk and shear moduli are distributed differently in the subsurface. Teifec8could

come into consideration, whereby the first arrivinggRd Swaves would not travel along the same

path. Mufti (1995) has shown that these 3D effects can have significant effects on tomographic imaging.
Considering, that the-ave does ndtavel through cavities, but would rather travel around them, may

be the reason for differing-®Wave and Svave travel paths. This in turn is most likely responsible for

the highly varying Vp/ Vs rati os a nbiitiesiimtheseawoi st i ¢

ratios could indicate the presence of a large cavity.

The bulk modulus ranges from unrealistic negative values to approximately 100 GPa. The structure of
the bulk modulus closely resemblesthewyR v e di st ri but i ontheshearmadgldss mo d
on the other hand resemble morethe&ve velocity distribution, wi t h

10 to 100 GPa in most areas and the Shear modulus ranging mostly from 5 to about 50 GPa.

The elastic parameters are a weighted comlmnaitf the Pand Swave velocities and can therefore be

used for the interpretation of geological structures. Thus, the elastic parameters were used to determine
the size of the low velocity zone, which is interpreted as a cavity. The cavity has theidinahs
approximately 16.5 to 19 m in length by 6 to 7 m in height based on the elastic parameter interfaces.
Variations in the interpreted cavity shape could give an indication in terms of the uncertainty in its size

and position. By comparing the interfed cavity to the borehole log of BH3, it is clear that theaRe

tomogram and bulk modulus correlate better than the&® tomogram and its derived elastic shear
modul us. Nonet hel es s, the Vp/ Vs rati gwheraBH8 si mi |

intersected the cavity.

To further enhance the interpretation and estimate the usefulness of the tomograms, the elastic
parameters can also be used to determine the earthquake vulnerability of the future tunnel, since Wang
and Munfakh (20013how that earthquake resilience is dependent on the surrounding material stiffness.
Another benefit is that the elastic parameters can improve the prediction of the penetration rate of the
tunnel boring machine (TBM). If elastic parameters would be celigata larger scale or in problematic
environments, these could play an important role in the economic and time planning of the construction
project, since Ghasemi et al. (2014) show that the penetration rate of a TBM can be accurately modelled
using compessive strength, rock brittleness, distance between planes of weakness and the orientation
of discontinuities in the rock mass. It is therefore likely, that the elastic parameters can aid the modelling

of the TBM penetration rate.
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3.5 Conclusion

P- and Swave tomography measurements were carried out between tweangdeal boreholes to a
depth of about 40 m at a site in the city center of Kuala Lumpur, Malaysia. Despite carrying out the
survey in an urban environment, high quality data were acquiredaavistance of approximately 20

m. The Swave and Rvave traveltimes were independently picked and tomograms calculated which
show similar structures. The two tomograms were used to determine elastic parameters which helped in
the geological interpretationdentifying karstic areas and estimating the degree of reliability of the
tomograms. A low velocity zone is visible in both tomograms, which was interpreted as a cavity with
the dimension of about 16.5 to 19 m horizontally by 6 to 7 m vertically. Twohbla® were
subsequently drilled, which correlate well with the interpretation. The survey shows the potential of
routinely carrying out Pand S wave tomography surveys in karstic, hard rock environments to enhance

the geological interpretation, with thdded benefit of deriving small strain elastic parameters.
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4. PUBLICATION II: CHARACTERISATION OF GROUND MOTION RECORDING
STATIONS IN THE GRONINGEN GAS FIELD

The seismic hazard and risk analysis for the onshore Groningen gas field requires informaition abo
local soil properties, in particular shasave velocity ¥s). A fieldwork campaign was conducted at 18
surface accelerograph stations of the monitoring network. The subsurface in the region consists of
unconsolidated sediments and is heterogeneousnipasition and properties. A range of different
methods was applied to acquire in situ Vs values to a target depth of at least 30 m. The techniques
include seismic cone penetration tests (SCPT) with varying source offsets, multichaalysls of
surfacewaves (MASW) on Rayleigh wavesth different procesing approaches, microtremoraay,
crosshole tomographyand suspensiorP-S logging. The offset SCPT, crodwsle tomography and
commonmidpoint crosscorrelation (CMPcc) processing BIASW data all revelad lateral variations

on lengthscales of several to tens of metres in this geologiting. S®@Ts resulted in very detailed

Vs profiles withdepth, but represenbmt measurements in a heterngeus environmenfThe MASW

results represents informaton on a larger spatial scale and smooth sarhé¢he heterogeneity
ercountered at the sites. The damation of MASW and SCPT proved to be a powegntl cost
effective appoach in determining representative pofiles at the accelerograph station sifElse
measured/s profiles correspondwell with the modelledorofiles and they sidficantly enhance the
ground maion model derivationThe similarity between the thesgical transfer function from th¥'s

profile and theobserved amplification from verticatray stations ialso excellent.

4.1 Introduction

Induced earthquakes due to gas production in the Groningen field in the northern Netherlands has
prompted the development of seismic hazard and loss estimation models in order to alioiermsd
decisionmaking with regard to mitigation options. A key element of the seismic hazard and risk models
for the Groningen field is a ground motion prediction model to estimate surface motions due to each
possible earthquake scenario. The ground motion model foGthringen field is comprised of
predictive equations for spectral accelerations and peak ground velocity at a reference rock horizon
(located at about 800 m depth) and #iaear frequencydependent amplification functions reflecting

the dynamic respons# the overlying soil layers (Bommer et al., 2017).

The ground motion model derivation has benefited from a database of recordings of ground motions
obtained from accelerograph and borehole geophone networks installed in the Groningen field. The
location of the stations is shown in kige 41. The first stage of the model building process is to
deconvolve the recorded surface motions to the reference rock horizon. The uncertainty in this process
is greatly reduced by the accurate characterisation of dgmaoperties of the soil column, particularly

in the uppermost tens of metres that exert the strongest influence on the site response. Although an
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excellent velocity model of the Groningen field has been constructed using measurements at depths from
belowabout 50 m, the neaurface portion of the profiles are inferred from lithological profiles with
shearwave velocities \{s) assigned based on available seismic CPT measurements (Kruiver et al.,
2017a). Torefine the profiles at the locations of the grdumotion recording stations, in situ Vs
measurements were made using a variety of borehole andhvasive techniques. Challenges
encountered in this work include the fact that in several cases it was not possible to perform the
measurements in very clopeoximity to the location of the recording stations. The paper describes how
these tests were conducted and the procedures followed to reconcile the different measurements to

construct the final profile for each station.
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Figure4.1: Location of recording stations in the Groningen field in the north of the Netherlands: 18
surface stations and 68 vertical array stations. Labels are shown for all 18 surface stations (coded B)
characterised in this study armat the vertical array stations (coded G) from the examples in this paper
(Figs. 16 and 18). Grid coordinates refer to the Dutch Ordnance System. The inset shows the location

of the gas field in the northern part of the Netherlands.

The measured neaurface profiles also served to demonstrate that the geologibatlyedV s profiles

provide a very good approximation to the field conditions. Empirical transfer functions at the recording
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stations obtained from inversions of the surface recordings (Edwaalds2913) agree remarkably well
with those calculated using the measuregrofiles (Bommer et al., 2017). These comparisons not only
confirm the reliability of the inferred velocity profiles for the whole field but also vindicate the
assumption of 1xertical wave propagation implicit in the site response analyses.

No direct \6 measurements have been made at the borehole stations, but interval velocities have been
calculated from recordings at these locations and these also show excellent agrettntieatinferred
profiles for the same locations. The theoretical transfer functions for these profiles, calculated at the

surface and 200 m deptire similar to the surfage-borehole spectral ratios eirthquake records.

4.2 Methods and Setup

4.2.1 Overview

The shallow subsurface in the Groningen region is of heterogeneous composition as a result of the
relatively recent formation. Although site amplification as a result of induced earthquake is present in
Groningen to larger depths, the maximum depth of ingastin was limited to 30 m. This depth of
investigation is not related tosy (time-averaged ¥ over the top 30 m), but forms a good balance
between fieldwork effort and added value of detailegMfiles to this depth. The geological setting is
describé in detail in Kruiver et al. (2017b) and references therein and summarised in this section. The
sedimentary infill is influenced by two recent ice ages and by sea level fluctuations. The Elsterian
gl aciation produced deepnsesubybbbegbdfewhiuchs wkne
and clays of the Peelo Formation. These tunnel valleys were buried by younger sediments. The second
glaciation (Drenthe Substage of the Saalian glacial) produced the till sheet that is present in part of the
regioan. The ridgeandvalley topography is still present in the relatively flat landscape. The region was
not covered by ice sheets during the lastage (Weichselian). During that period, a widespread
superficial blanket of eolian sand (thecalled cover and) that formed in many places marks the top

of the Pleistocene deposits. The northern part of the Netherlands borders the North Sea. During
interglacial periods with relatively high sea levels, a large part of Groningen formed the coastal plain of
this ®a. The most recent Holocene deposits typically consist of stacked vertical sequences of tidal clays
and sands that are often thinly bedded and are intermittent with peat layers. The Holocene sediment
thickness varies from ~20 m in the northern part tadpabsent in the southern part of the region. Due

to the presence of various intersection channel systems, namely the Pleistocene tunnel valleys and
Holocene tidal channels, the subsurface is very heterogeneous. From the very large number of borings
andfrom the geology, we can infer that infilled channelspaesent. It is, however, impossible to know

the exactocation of all individual channels.
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In order to characterise the subsoil below the recording stations and considering the level of
heterogendy to be expected, thesWheasurements were to be located as close to the stations as possible.
The stations are generally located in barns of farms in the rural areas and in public buildings (e.g. town
halls) and houses in villages. Therefore, it wasahwtlys possible to locate all measurements in close
vicinity of the stations. The distance between the station and the test site varied between 40 and 600 m,

with an average distance of 150 m.

Four different \4 techniques were applied at the station liocet This section provides a short
description of acquisition and processing for each of the methods. The survey setup is summarised in
Table4.1. Although the methods are routinely used in site characterisations (e.g. Garofaloetal. 2016a,
b), we have imigmented several adjustments to either improve the acquisition or the processing and
interpretation of results. SuspensioiSPogging (Ohya et al., 1984; Ogura et al., 1989) was applied
unsuccessfully during this survey campaign, probably due to the catian of the borehole
construction, grouting and the local geological setting. Therefore, these data were not further processed

and interpreted.
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Table4.1: Summary of survey setup for the four differentesheave methods

SCPT MASW Microtrem  Crosshole tomography  Suspension PS
or array logging
Source Wooden beam and Accelerated Ambient Borehole source of type Hammersource in
sledgehammer at  weight drop noise BIS-SH tool

1.1,5,10,15and 61 mpact «
20 m from SCPT

truck
Receivers 3-component 96 to 120 Planted 3-component geophone  Two 3-component
accelerometer in  planted vertical geophones string of 7 units with hydrophone
SCPT cone 45 Hz of MASW  spacing of 1.0 m receivers in tool
geophones array separaté by
acoustic damping
tubes
Remark Vertical sample T-shaped array Recording L-shaed array of 3 In one of the

interval max 1.0n  with geophone of 70-80 x  boreholes with the source boreholes for cross

and coinciding spacing of 2.0  3-2 s (120 x the corner of the L and th hole tomography
with stratigraphical or 3.0 m (4.5 1-6 s at one receivers in borehole at 1
transitions Hz) and 4.0 m site) (short leg of L) or 25 m
(1 Hz) (long leg of L). Boreholes
are lined with blind liners
Depth of 207 30 m 1571 50 m 10150 m  30m 30m
investigation
Lateral ~2m Upto~200m ~1m ~1m
averaging
Vertical High, except Medium, Medium, High High
resolution shallow part decreasing with decreasing
depth with depth
4.2.2 SCPT

Seismic cone penetration tests consist wbiamal CPT with a geophone or accelerometer contained in

the cone. The cone is penetrated into the soils and stopped at defined depth intervals for a V
measurement. Shear waves were generated at the surface by striking a 10 kg sledgehammer on opposite
sides of 2.5 m hardwood beams. Typically, the cone penetration is stopped every 1.0 m and the source
is located ~1 m from the entry point at the surface (Butcher et al., 2005). In the Groningen case,
alternations between peat, clay and sand occur at irrdgtgavals that are often smaller than 50 cm.

In order to correctly sample thesdf for each individual stratigraphy, the depth intervals at which the

cone was stopped were determined by a normal CPT that preceded the SCPT. For example, when an
80cm thik peat layer was present between 1.7 and 2.5 m on top on of sagtheasurement was

performed at 1.7 and 2.5 m instead of at 2.0 and 3.0 m. In this way, thespeas Yot contaminated
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by the much stiffer sand below it. Sources at offsets of 5, 18nd%0 m were added to the standard

1.1 m source to gain insight in shegaced lateral variations ins{Figure 4.2). This is referred to as

offset SCPT (OSCPT). Coupling of the wooden beams to the ground was increased by sand bags. At
each source locatn, three shots were performed and stacked at each depth, both from the left and right
sides of the beam. The maximum target depth of SCPTs was 30 m, but in some cases the measurement
was terminated earlier (e.g. at ~20 m) when the cone could not beapemétarther upon reaching the

maximum capacity of the truck.

CPT TRUCK

OSCPT
SOURCE BEAMS

SCP

. REFERENCE
SOURCE BEAM
L/_

Figure4.2: Schematic illustration of offset SCPT setup (not to scale).

SCPT data were processed using the BCE-BEE 2015 seismic data analis software (Version
15.0.1June 2015). This software allows sesmitomatic interval time picking using cresarrelation of

the wave trains of subsequent test depths. The algorithm uses a simple ray tracing principle based on a
horizontal stratigraphy odel to determine the travel path length to calculate the interval-slawaer

velocities. The left and right shots from the sheave source were processed separately. The traces for

the OSCPT had to be hapitked due to the lower signti-noise ratio ér the larger offsets. The model
subsurface from the OSCPT data was discretised using a grid of nodes, with a node distance of 0.5 m.
For each of the nodes, the optimurgawas determined by minimising the misfit defined as the-root
meansquare (RMS) betwee t he model |l ed travel ti mes and the
mar ching methodd (Sethian, 1999) was wused to ca
from source to receivers. For the optimisation, the Fresngdaty approach (Watanabeas., 1999)

was used. An example of CPT soundings and SCHirdfiles for station BLOP is given in gfire 43.

The distance between the (S)CPTs is ~80 m. The CPT soundings show transitiofisra/8aaldwijk

clay to Boxtel sand and Dren@&ieten clayg sand), 11.5 12 m (DrenteGieten clayey sand to Peelo

fine sand) and 15i36.5 m (Peelo fine sand to Peelo medium sand). The transitions in two nearby
(S)CPTs do not occur at the exactly same depth, illustrating the heterogeneity of the geology. The
transition between Holocene and Pleistocene Formation$ &t1®@ depth can be clearly observed as a

jump in the SCPT Yprofiles. The effect of the transition between different lithoclasses within the Peelo

59



Formation at 15 16 m depth is rather subtle. TRECPTs images (Fige4.4) are much smoother than

an individual SCPT ¥profile. Figure 4 consistently shows the Holocene/PleistoceraNsition and

the Boxtel/DrentéGieten Formations on top of the Peelo Formation. The Boxtel Formation can be
cemented &ry locally, giving rise to relatively highdwalues. The OSCPT images show that even on
very short (~ metregpatial scales the values of &dthe transition depths vary.
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Figure4.3: CPT and SCPT dafar station BLOP. Left: ¥ profiles of SCPT 19 (blue) and SCPT 25
(purple). The shaded band indicates the results from the left and the right blow. Middle and right: CPT
soundings of SCPT 19 and SCPT 25, with cone resistance in red, sleeve frictiorbiluearkd friction

ratio Rf in green.
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Figure4.4: OSCPT result for SCPT19 (left) and SCPT25 (right) for station BLOP.

4.2.3 MASW and microtremor array method

The MASW method uses the dispersive behaviour dbsarwaves, i.e. the fact that the different
frequencies of the wave signal travel with different speeds, to degipeofiles with depth (Park et al.

1999). The dispersion of a wave can be determined using multiple receivers that record the passage of
asurface wave. The surface wave itself can be actively generated for the analysis, for example with a
hammer blow or weight drop, or can be of ambient origin, like traffic or ocean noise. If active source
and ambient noise recordings contain different feeqy ranges, they might be combined to increase

the depth range and resolution. However, while the prominent source direction is known in an active
acquisition, in ambient noise acquisition it is unknown beforehand. Therefore, we acquired the seismic
datausing Fshaped arrays, with different sets of geophones, as visualisediie4&Band summarised

in Table4.1. The main line consisted of 96 4& geophones (72 in the first locations). To obtain lower
frequency content 12-Hz geophones were placedraliel to the main line. Perpendicular to the main

line 24 4.5Hz geophones were placed for directionality analysis. For the active data acquisition an
accelerated weight drop source (6]l mpartder 6) was
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Figure4.5: Survey setup for MASW and microtremor array with planted geophones. Triangles represent
geophone locations, and stars represent shot locations.

Our analysisof MASW andmicrotremorarraydatais based on records of Rayleigh waves. Generally,
thelowestfrequencyof both microtremorarrayandMASW data is 2 to 4 Hz and the maximum usable
wavelengthundertheassumptiorof ahomogeneoumediumrangesdetween ~40 and 200 m. Given the
heterogeneous drlayeredsubsurfaceof the Groningenregion, with low Vs layers and ¥ values
decreasing at certain depths, theoretical wavelength at a certain frequency doesepogésent the true
penetration depth. Although wdeagths of about 200 m were observétk inversionof the data

showed that typical penetration depth wathmorder of 10 to 50 m.

The dispersion analysis of the MASW data was done in two ways, making use of the different source
locations. The first method focuses on getting the higlessiution dispersion plot for the whole line,

while the second method focuses on determining multiple (lower resolution) dispersion plots along the
array to detect heterogeneity within the array. The basic idea behind the methods is sketched in Fig
4.6. The static array was used in two ways to combine multiple shot locations. In the method sketched
in the top row, the geophones are sorted on saeasver offset to get a densalgmpled virtual

record. This is referred to as an offset gather. For thia fime the sampling was improved from 96
channels at 2 m interval to 192 channels at 1 m interval by shifting the source by 1 m. In this way, the
spatial sampling interval is halved and the amount of data is doubled. This procedure was possible

becausehte Impacter (accelerated weight drgpoduced a repeatable signal.
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Figure 4.6: Sorting and prgrocessing of MASW data to obtain offset gathellsand geophone

correlation gatherdj to prepardor CMPcc binning.

The second method focuses on determining heterogeneity and is sketched in the bottom roke of Fig
4.6. The influence of the sourceceiver offset is removed by correlating the recordings from different
receivers, for subsequent saescand stacking these correlations over the sources. Virtual records along
the array are generated using different correlation pairs. The dispersion behaviour of the virtual records
is determined using the common midpoint crosgelation approach (CMPtapproach (Hayashi and
Suzuki, 2004). Although 96 geophones can be combined to form a maximum of 4560 correlation pairs,
approximately one third of the combinations were used. This is to ensure equal nUrphassio each

CMPcc bin (Figure &). For vsualisation purposes, the array has been reduced to 24 geophones in this
figure, but the same principle applies to the 96 geophones of our array. Correlations are binned based
on the midpoint of the geophone pairs being correlated. The different offéetehethe correlation

pairs within a bin are used to determine the dispersion for each bin. A minimum number of correlation
pairs within a bin is required to estimate the dispersion with sufficient confidence. Therefore, the first
and last bins cannot beed for dispersion plotting because they contain an insufficient number of pairs
spanning too limited an offset. This applies to the fikst and last three bins in Figure/4Correlation

pairs with too large an offset were excluded as well, becaugrithese of the CMPcc analysis was to
investigate heterogeneity. This procedure ensures that each bin contains the same number of correlation
pairs. Therefore, changes in dispersion can be attributed to differences of ground properties, rather than
to resolition differences between the bins. Our CMPcc bins contained 24 geophone pairs per bin,

spanning an offset between 2 and 48 m. Dispersion plots were generated from the CMPcc bins for waves
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that were tr dowrelglhitndg afsr owmte-l @If ¢afst tf oa v &lIrli igihd waves
dispersion plot was selected for analysis.
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Figure4.7: Schematic representation of CMPcc binning. Geophones are represented by yellow triangles,
and the correlatiomidpoints are indicated by dots. The correlations within the grey zone are used for
analysis. Only bins with a sufficient number of midpoints are used (bins 3 to 20 in this example) and
fixed offset range (6 geophones in this example).

The dispersiomlots found bythe classic MASWandthe CMPcc apprach were inverted to derivesV
modelsand investigate the ariation along the profile. Thiaversion algorithm searches the model
space tdind the Vs profile with the minimum misfit between thmodelled dspersion curve and the
measured energy ahe dispersion plot. The most likeWs model for eaclidata set was determined with
in-house software bynanual optimisation and by applying an automagedetic algorithm. The full
array was processed botmanualy and automatically. The CPMcc gathers wegreocessed
automatically. For the manual optimisatiaghe SCPTVs model was used as a starting model. The
emphasi®f this exercisevasto obtainthe Vs modelthatfits all modes and the particular shapes of the
modes,such as curvatures at certain frequencies. The gealgrithm automatically generates
numerous/s modelrealisations, each associated with a modelled dispecsime. The best's model
from the manual optimisatiowas used to define the seargpace of the automatagorithm. The
goodness ofit was defined by the engy of the dispersion plot along the modelled dispersimve.
After a numbepf iterations, the genetic algthm convergedo a groupof likely models.ThebestVs
model is chosn from this group based on the bgsbdness of fit. Figurd.8 shows an example of a
dispesion plot of the full line array of 96 geophones aesultingVs profiles obtained with the two

inversionapproaches. Generally, the two approaches result gathe pattern of s, but the transition
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depths and Yvalues of the individual layers vary between thethods. The theoretical fundamental
and the highemodes corresponding to thfg profile for both methodare shown in the dispersion plot.
Only the fun@mentaimode is used in the goodness of fit definition ingkaetic algorithm. Almodes
are considered in thesdal inspection of the fit between the model and theid#te manuaapproach.
The maximumdepth ofreliableVs information was determinealy a sensitivity analysisf the deeper
layers to banges in depth ands\duringthe manual procedure. The maximum reliable depth/for

variedbetween 10 m for a site with a vahjck layerof low Vsto ~50 m for sites with stiffer soils.
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Figure4.8: MASW result for station BWIRV s profiles from the manual optimisation (solid line) and
the genetic algorithm (dashed lir@e shown irfa). Dispersiorplot showing the energy in¢hvelocity
frequency domain in grey scale and the theoretical dispersion curves forphafilés of the left panel
for the manual optimisation (solid line) and the genetic algorithm (dashed dimayn in (b) The

fundamental mode is shown in greere tliigher modes in red, blue, cyan and yellow.

The CMPcc result fostation BWIR is shown in Figure3t.Figure 4.9ashows the best &/model for

each of the 72 CMPcc gathers as determined using the genetic algorithm @roél¥ resuling from

each CMPcc gather is represented by a cetoded column. The panel of 72 columns does not
represent a 2D yprofile, because of the large overlap in dataneen in the CMPcc models (Figure

4.7). However, the plot is indicative of variation imakness and ¥values of the individual layers along

the full array of ~200 m length. The transition between Holocene and Pleistocene deposit® aih ~8

(in SCPT) varies between ~4 and 9Figure 49b shows the standard deviati of the group of best
models for each CMPcc gather. The standard deviation varies laterally as well and is generally higher

for deeper layers. This means thatfor deeper layers is less well constrained. The aggregated results
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of the CMPcc analysis ashown Figure 49c. The transitions between the model layers appear to be
smeared relative to the standard MASW interpretatiorchvBhows sharp transitions (Figur8)4.
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Figure4.9: CMPcc result for station BWIRMeanof best \& models for the 72 CMPcc gathers along
the line(a). Standard deviation of bests¥nodels for the 72 CMPcc gathers along the (ln)e Bestfit
curve of the 72 models witthe maximum and minimum value observed in the whole CMPcc and the

standard deviation from all mod€ls).

Passive or ambientibrationbased surface wave methods record background vibrations emanating
from ocean wave activity, atmospheric conditions, dvieffects, traffic, industrial, construction
activities, etc., which collectively are referred to as microseisms. Examples of application of microseism
techniques can be found in Yong et al. (2013). Typically, microseisms with frequencies below 1 Hz
have ratural origins, whereas those above 1 Hz are largely due to human activities (Okada, 2003). As
frequencies below 1 Hz are difficult to generate by active sources, microseisms can help increasing the
bandwidth at the low end and therefore the microtrentaryd@echnique will usually extend the depth

of investigation of MASW.
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The microtremor array experiment was conducteig$b whether the MASW data could be enhanced

by including ambient noise data. The microtremor array data were acquired using thplaatedd
geophone arrays as the MASW with a source (Tdllg However, this time ambient noise was
recorded. At each site, between 70 and 80 recordings were made, each with a duration of 32 s at a sample
interval of 2 ms. The microtremor array data wen@pssed using the extended spatial autocorrelation
(ESAC) technique (e.g. Mulargia and Castellaro, 2013). ESAC is based on the spatial autocorrelation
(SPAC) method of Aki (1957). A drawback of the ESAC method is that only a single dispersion curve
is deermined, most likely the fundamental mode, but the method is considered more suitable for
microtremor array measurements than frequemayenumber spectrum (fk) methods (Ohori et al.,
2002). Figure4.10 shows the dispersion information obtained from theratiemor array and active
source data acquired at station BGAR. The dispersion curve from the microtremana@asayements

(red dots in Figure 40) agrees well with the fundamental mode in the dispersion plot of the MASW
data (greyscale dispgon plotof Figure 410). However, the microtremor array data do not significantly

extend the bandwidth of the dispersion data.
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Figure4.10: Dispersion curves determined with the ESAC method applied on the pdatsived BGAR
(red dots) plotted on top of the (black and white) dispersion plot determined for the active data using the
MASW method.

During the processing of the microtremor array dataset, it was not possible to extract surface wave
dispersion data frorthe ambient noise acquired at sites BAPP and BHKS. The MASW results indicate

the presence of a thin, levelocity (Vs ~50 m/s) surface layer at these sites. Lateral variations in
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thickness and ¥of top layers have a relatively large influence on theed®pn in the EPAC procedure

and can affect the wholesVhodel. The dispersion energy in the dispersion plot therefore becomes less
reliable or impossible to define on the dispersion curve. The MASW data for these two stations showed
good quality dispersioplots. The maximum resolved depth of stations BAPP and BHKS was limited

to ~10i 20 m (instead of 30 m) due to the presence of the verywé&bocity layer at the top.

Another means to extend the ldmequency range of the MASW is to use nequency gephones.

We installed 1 Hz geophones which partially coincided with the 4.5 Hz array¢M&%). Because of

the high costs of these geophones, only 12 were available, which creates a very short array. Nonetheless,
the dispersion plots of the 1 Hz arraydahe 45 Hz array are compared in Figure4.The effect from

the number of geophones in the array is clear from the top and middle panel, both for the 4.5 Hz
geophones. Reduction of the number of geophones results in smeared dispersion energyaftay 1 Hz
shows more lovirequency energy than the corresponding 4.5 Hz array (bottom versus middle panel).

In the current setup, however, the quality is insufficient to be able to extend the dispersion curve to lower
frequencies. The quality could be imprdvey using a lowfrequency source such as a Hwquency

shear wave vibrator and by deploying more 1 Hz geophones at larger distances between the geophones.
Ambient noise recording using the extended 1 Hz array might also increase the low energy tontent o
the dispersion plot.
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Figure4.11: Comparison of dispersion plots for station BKAN. 4.5 Hz array of all 96 geoplaoees
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4.2.4 Cross-holetomography

The crosshole tomography data were acquired using three boreholes hslaapled configuration. The

shear wave source was located in the corner df,thvhile the receiver string was located either atilO

at the end of the short leg of the L or ati286 m at the end of the long leg of the L. Thus, the shots
were performed twice: once recorded by the receiver array in the borehole of the shortdegeand
recorded by the receiver array in the borehole of the long leg. This geometry was chosen to generate
tomographic images at two different scales and in two directions. The borehole source is coupled to the
borehole wall by a pneumatic clamping syst@énflatable bladder). The orientation of the source is
controlled from the surface by a torsional stiff hose. The seismic blow direction was aligned
perpendicular to the receiver borehole in order to generate/sddids. To obtain the opposite blow
directionthe source was rotated by 180°, thus generating S waves with opposite polarities. For each shot

direction a separate seismic record was acquired. The source also generates.P

The crosshole seismic data processing included several steps. Firstatle¢ times were determined
manually by picking the arrivals of both the &#d Swaves. Next, the subsurface was numerically
divided into cells. Vertical and horizontal cell sizes of approximately 1 m were selected. Seismic waves
are assumed to propagadlong curved ray paths. The simultaneous iterative reconstructive technique
(SIRT; Gilbert, 1972) algorithm was used for travel time inversion. This algorithm is iterative and
minimises the residual of the observed and calculated seismic travel timestogction of the seismic
slowness, i.e. the reciprocal of the seismic velocity in each cell. The tomograms for each borehole set
were processed separately. An example ofsant a \b tomogram is shown in Figure 2. The
heterogeneity of the sedimeritshort distance scales is apparent. The transition from relatively low

(~ 180 m/s) to relatively higher M2507 300 m/s) at the Pleistocene surface occurs at ~14 and ~18 m
depth in the two SCPTs at the location. The transition is present in the torsagrandepth varying
between 12 and 25 m, showing that the stratigraphy is variable even over distances as short as a couple
of metres. Comparing thep\and Vs tomograms shows that theyVe or Poisson ratio is also highly

variable over shortistances ansgaries with depth.
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Figure4.12 Vsand b images from croshole tomography for station BUHZ.
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4.2.5 Seismic interferometry at vertical seismic arays

In addition to the determination of detailedpfofiles atthe surface recording stations, intervglhéve

been derived at ~70 nesurface vertical seismic arrays tlzaver the Groningen region (Figudel).

The seismic arrays consist of geophones at 200, 150, 100 and 50 m depth and an accelerometer at the
surface. Local events are recorded over this sediace borehole network. Sheaave velocities at

depth levels where seismicity occurs are an order of 10 times larger than near the surface. Consequently,
shear waves bend towards vertical propagation im#daa surface and are largely recorded on the
horizontal components. This illumination is suitable to estimate seismic interval velocities between the
receiver levels in the boreholes. Two methods were considered to determine the interval velocities. The
first method uses the time differences of single phases after correction for the angle of incidence. These
single phases exhibit large uncertainties, both on the timing and on the angle of incidence. The second
method, which is applied here, is seismic ifg@metry on a catalogue of local events with sufficient
signatto-noise ratio (Hofman et al., 2017). Horizort@mponent seismograms are rotated towards the
transverse component and crassrelated over different depth levels of single boreholes. Bgscro
correlating entire waveforms and stacking in crosselations of many different events, a precise
estimate is obtained of the local seismic response: the waveforms are obtained as if there were a seismic
source at one of the receiver levels and al dther receivers measured its response. The obtained
response is dominated by a directgging and dowrgoing wave. From these waves, the timing is
picked and converted to interval velocities along the boreholes.

4.3 Integration of Various Methods

The varius methods are based on different properties and behaviour of seismic waves and sample
different kinds of soil volumes. All the results for one locatioa gathered and compared in Figure

4.13. The sample volume of the methods and thus level of detedlades from left to right. The SCPTs

result in very detailed ¥profiles. However, they represent local Wariations. The two SCPTs with 80

m offset near station BWSE are similar, but individual layers occur at slightly different depths and with
varying Vs values. The Yis low (~130i 140 m/s) between the surface and ~8m depth, next there

is a faster layer of ~2 m (225160 m/s) below which there is an increase éfitdm ~170 m/s to 35@n/s

apart from a local high Mayer at 18 m depth in SCPTO04.
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Figure4.13: Vsprofilesfor stationBWSEfrom differentmeasuremerniechnigues, including uncertainty
bands. From left to righ8CPTO03 (grey) and SCPTO04 (blue) with band indicating varidgtween left
and right blow; average profile for offset SCHIEween 1 and 5 m offset wighaded band indicating
the minmum and the maximumg/ crosshole average profiles for lorigg (blue) and short leg (grey)
with shaded band indicating thenimum and the marium Vs ; CMPcc based on MASW arrsshaded
band indicates standard deviation of the 72 best mdd@SW with manualfit in greenandautomatic
inversionusingthe genetic algorithm in black with grey shaded band indicatingrtilmum and the

maximum \é.

The original tomographic images of OSCPT and chuds Vs show the local variations ingVIn order

to compare them to the other 1D profiles, they have been simplified by averagimgndepth slices.

The 2D details, which are advantages of these rdethare lost in this way. The 1D OSCPT and 1D
crosshole profiles generally follow the SCPT profiles, but with less detail. The CMPcc and the MASW
profile show a shallow ¥Ylayer of ~90 m/s of 2 m at the top, followed by a 4 m thick layer of ~150 m/s,
a 9m thick layer of ~210 m/s and a 4 m thick layer of ~160 m/s. The very idopdayer in the MASW

Vs profile is missed in the SCPT. Shear wave velocity results from theit@nm in the SCPT cannot
always be reliably determined due to the noisy recoddlae short distance of the waves travelled. This
results in overlapping-Fand Swaves in the record and the difficulty in reliably picking thar8val.

The gradual increase insWelow ~11 m that is apparent in the SCPT was not resolved in the MASW
Vs profile. The most representative profile is a combination of the SCPT, crdsse and the MASW

Vs profiles with some weighing. For the present study, we adopted a pragmatic choice: the SCPT was
combined with the top layer of MASW only if the SCPT réswere unreliable for the top few metres.

When two SCPTs were available, the station representative SCPT was chosen based on the distance
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between the SCPT and the station, the geology at the site and quality of the SCPT. To check the validity
of the choie of SCPT, the theoretical dispersion curves of the SCPT were plotted dritiepMASW
dispersion plot (Figure 44). Because of the aforementioned possible unreliability of the top metres of
the Vs from SCPT, the minimum ¥value of the top three layemsas assumed for these layers.
Generally, the fit is very good.
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Figure4.14: Example of SCPT profile on MASW for station BWSE_PTO03 \ profile with the top 3
layers replaced by the minimum vala). Theoretical dispersion curves of thes Yrofile for
fundamental (green) and higher modes (red, blue, cyan and yellow) plotted on top of the MASW
dispersion plot (grey scale) for station BW(&GiE

The 18 stations sample a variety of geologiedliisgs, but most stations are situated in areas with a
Holocene cover on top of Pleistocene sediments. The averaigelivked to the age of the deposits
(Holocene or Pleistocene) and the lithology (peat, clay, sand). The transition between Holocsite depo
(relatively low Vs) and Pleistocene deposits (relatively higf ig often easily recognised in the profiles

by a jump from low \¢in the shallow layers to highersWalues in the deeper layers (Figur&3). This
occurs at 11 m depth for station BMP& 9 m for BWIR, at 8 m at BAPP and at 9.5 m for BLOP.
Individual peat layers can be recognised from their laywey. between 4.5 and 7 m at station BAPP.
Between stations, the variation i df the stratigraphic and lithological units is consistéhe general
ranges of ¥ for the Groningen deposits are < 100 m/sHolocene peat, 100200 m/s for Holocene

clay andPleistocene peat, 20850 m/s for Pleistocene clay afiite sand and 250 m/s for Pleistocene

medium andtoarse sand.
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Figure4.15: Vs profiles at selected B stations. Measuredrvblue and modelled mearns\Kruiver et
al., 2017a) in red.

4.4 Discussion

4.4.1 Performance oftechniques andsampling scales

The various techniques to determing il the field generally perform well in the Groningen setting.

The depth of penetration of SCPT is in most cases possible to the target depth of 30 m. In some cases,
this maximum was not achieved because of a combination of high friction due to stiff clayiphig
resistance or high friction in the Pleistocene sands. The MASW suffered from limited depth of
penetration in some cases as well. The most apparent case is station BAPP where the top 7 to 8 m
consists of very low ¥( < 100 m/s) material. In this lottan, the dispersion could be determined down

to approximately 1 Hz, but the modelling shows that it only contains information from the top 15 m.

The SCPT and crodwmle techniques are based on picking shemare arrivals. The souraeceiver

distance neds to be sufficiently large to be able to reliably distinguish between the arrivals of different
waves. For the crod®le setup, the distance between source and receiver was always sufficiently large
for reliable first arrival picking. For the SCPT, dretother hand, the distance between the source and
receiver varies with depth, because the source stays at the surface while the receiver penetrates the soil.
As a consequence, the quality of the data from the SCPT varies with depth: the top part might be
unreliable when wave forms overlap. The unreliable top pait32m) of the SCPT ¥ profile was

replaced by the more reliable MASW results for three of the 18 stations.
We demonstrated that the resolution and scale at which the different methodsrebi4jprofile is

quite different. The surffae@a ve met hod ¢&iaforreatica gvershé wholb arayMength of

approximately 200 m and therefore is only sensiggtvuctures if they have a significant contrast,
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thickness and lateral extent. Oretbther hand, the SCPT method samples the velocity on a scale of a
few metres at most. The OSCPT and cftugle methods sample the data at intermediate scale. It is clear
from the OSCPT, crodsole and CMPcc results and the locations with two SCPT pratfisgchanges

in velocities can be significant over small distances. Therefore, it is important to consider the relation
between the scale of thesyrofile from a certain metd and scale at which earthquake amplification
occurs.The primary goal of th&s measurements was to dakte the transfer functions. A pragmatic
choice wagnade to use the SCRlose to the accelerometer stat{ovith MASW for theuppermost

few metres when need) for calculation, because it is both most detaileccanthins extrinformation

on lithology and shallowstratigraphy.

4.4.2 Comparison toother types of \k estimatesand derived analyses

Additional to providing \é profiles for the ground motion model, the SCP¥ wlues were used to
derive a \é model for Groningen. For thi§SCPT \s from this fieldwork and from archive data were
classified in terms of stratigraphy and lithology to deriwaétributions (Kruiver et al2017a). These

Vs distributions were used to modet W the entire Groningen field in the top 50 m using detailed

3D voxel model of geology GeoTOP of TNO Geological Survey of the Netherlands (Stafleu et al., 2011,
Maljers et al., 2015; Stafleu and Dubelaar, 2016). The model@ddiiles at the stations are shown in
Figure 415 for comparison with the irita measured ¥ There is generally good agreement between
the measured d/at the site and the modelled values, especially considering the regional character of the
GeoTOP model.

Theoretical 1D SHwvave site transfer functions (TFakere calculatedfor ead of the measuredvs
profiles at the B stations. These transfer functions were usetetmnvolve Fourier amplitude spectra
(FAS) of surfaceecordings to a reference horizon, at some 800 m dieptine purpose of determining
seismological parameteifer modelling earthquake ground motions (Bomnatral., 2017). The
simulated ground motions were thaeed in a notlinear soil response analysis using a fielide
velocity model (Kruiver et al., 2017a) to determirenespecific spectrahcceleration ampii€ation
functions (AFs) for use in hazard and risk analy@ieedriguezMarek et al., 2017). As such, it is
importantto verify both the consistency of thg models and thaccuracy and applicability of the site
TFs. At the Gstations from th&NMI monitoring network, no irsitu measured Ydata are available.
The Vs profiles inferredrom seismicinterferometryat selecteds-stationsandthemodelled \4 profiles
are compared in Fge 416. The modelled Vs data have been converted itderval velodies
corresponding to th geophone intervals by deteration of the harmonic means. These compare very
well to the interval velocitiegestimated from seismic interfanetry. The main uncertainty in the
velocities estimatedith seismic interferomeyris relatedo interference eveenthe directwavesand
the reflectedphasesandnoise.In Hofman et al. (2017), confidence ranges are addedl tstimated

profiles. For \4, the confidence regions agenerallyvery small andonly exceed20 m/s for a limited
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numberof very noisy stations. Differences ihe estimagd and modelled ¥in the top 50 m can be

attributed tdocal variations in geology at the station sites relatiila¢oGeoTOP model.
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Figure4.16: Vsprdfiles at selected G stations. Intervalfvbm seismic interferometry in blue, modelled
mean \4 (Kruiver et al., 2017a) in grey and harmonic means of modeligd ¥ashed red.

Independent calculation of site transfer functions is typically performed s@ato-reference spectral

ratios, or in the absence of a reference site (as in Groningen), by calculating empirical transfer functions
from spectral modelling (Edwar@sal., 2013). This approach has been successfully used in guiding the
development o¥s models in Alpine and urban regions of Switzerland (Michel et al., 2014, 2016). The
principal of empirical transfer functions is to isolate site effects. The approach of Edwards et al. (2013)
uses a simple seismological pestaurce model (Brune, 1978nderson and Hough, 1984) to account

for source and path effects in recordings of small earthquakes. Consistent site effects are then extracted
from the intraevent FAS residuals over numerous events. By averaging over numerous events, distances
and azimuts and extracting only the intewvent residuals, the namiqueness of spectral analysis
approaches is largely removed (Goéktimann and Edwards, 2013; Michel et al., 2014, 2016). The
result is that site TFs afe over a broad frequency badd independat from the inverted source and

path effects. Furthermore, in this analysis, we take advantage of the availability of the meassred V

a priori information for the inversions and reduce possible {offddurther. The 1D SH TF with vertical
incidence fom measured ¥/profile is used as a starting model, with the inversion completely free to
modify the TFs.

Figure4.17 shows a comparison of the TFs for four sites with measwedofiles. The overall shape
of the empirical TFs (determined from earthgeiakcordings following Edwards et al., 2013) and
theoretical 1D SH TFs (determined from numerical linear site response analysis) is very similar, with

only small differences in minor peaks and troughs. For the borehole (G) stations there are no measured
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Vs profiles. However, in this case, we can take advantighe surfacéo-boreholeat 200 mdepth
(S/B) spectral ratio to calculate the effe€the soil columnon the wavefield. Figure4.18 showsS/B
spectral ratios calculated using small earthquaké&s>M_ > 3.1). In order to compare S/B spectral
ratios withtheoretical transfer fustions, the TF between the bbote at200m depth(within-rock: i.e.
accountingor bothup- and downgoing waves) and the outcropping surfaugst be calculated. This is
equivalent to taking the ratwf the TFs between the reference horizon and botbuteeopping surface
and the 200 -rno didedpote revels. isenerdally, the amplification fromtbeordings and

theoreticakransfer functions agree well.

Amplification

Amplification

0.1 1 10 0.1 1 10

Frequency (Hz) Frequency (Hz)

Figure 4.17: Comparison for selected B stations of empirical amplification (reservoir to surface

0.1 E—

amplification) from the Groningen earthquake recordings database (blue) and standard deviation (pale
blue) alongwith the theoretical vertical 1D SH amplification between the reference and surface (red)

based on numerical linear site response analyses.
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Figure4.18 Comparison for selected G stations of FAS specaitad of surface to 200 m depth from
the Groningen earthquake recordings database (blue) and standard deviation (pale blue) along with the
spectral ratio of surface to 200 m depth from theoretical 1D SH linear site response analyses (solid red).

The dashé red line indicates the 1D SH TF at the surface and dotted red line at 200 m depth.

The good agreement between measured/infereathdy modelled ¥from Figure 4.17 and Figurel®8
indicates that the use of vertical 1D SH TFs is appropriate over tha 8@n reference rock horizon
to surface. The velocity models determined for the reference to surface produce remarkably similar TFs

to those empirically observed in earthquake signals.

4.5 Conclusions

A fieldwork campaign was conducted in the Groningen gekl fto determine #isitu Vs to
approximately 30 m depth for the purpose of reducing uncertainty in the ground motion model for
induced earthquakes. A suite of field techniques was used and existing techniques were extended. For
example, the SCPT procedwras adjusted to take measurements at stratigraphy boundaries in order to
sample each layer (especially peat) in sufficient detail and to avoid contamination of the measured V
by the underor overlying soil layer. We added source offsets to the SCPT Op&t 1 to 20 m from

the cone location to be able to perform tomography ©f TWis provided insights regarding spatial

variations of \4 and representativeness of any individual SCPT.

The crosshole tomography also showed that there is heterogeneitpatialsscales of one to several

metres. For example, the jump i &ssociated with the transition between Holocene and Pleistocene
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deposits varies in depth by several metres over a horizontal distance of 25 m. Thelertmsiography

is very suitable tanvestigate spatial variation ofp\and Vs properties.

The MASW analysis consisted of both active and ambient noise data acquisition and various methods
of processing. The classic MASW processing of the offset gather of the array resulted in thealarge s

V S structures at the station sites. The passive and the MASW dispersion characteristics matched well.
However, the microtremor array data did not significantly extend the bandwidth of the dispersion data
relative to the MASW at our sites. This coblelimproved by including lower frequency geophones and
ambient noise data collection for a longer period of time. The CMPcc approach on the MASW data

indicated the lateral variability of dalong the full array.

We made a pragmatic choice to achieve thalfVs profile at each station, using the SCPT, only
substituting by the MASW value when the SCPT was unreliable. The comparison between the measured
Vs and the modelled ¥that was used for site response analysis shows an excellent match. The
correspondece between the Mfrom seismic interferometry and the modellegiagrees very well. The
measured Y profiles significantly enhanced the ground motion model derivation by using them to
deconvolve the recorded motions from the Groningen earthquake dataliheereference baserock

horizon.
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5. PUBLICATION Ill: JOINT -INVERSION OF CROSSBOREHOLE P-WAVES,
HORIZONTALLY AND VERTICALLY POLARISED S -WAVES: TOMOGRAPHIC
DATA FOR HYDROGEOPHYSICAL SITE CHARACTERISATION

P-wave, as well as horizontally and vertically qmi¢ed Swave tomographic data were called
between two borehole pair$his enabled the jointiversion of the three datasets. By employing
structural constraints, thev@ave traveltimes were coupled to the more accurat@a\ traveltimes
during the iwersion. Thereby, the traveltime and anisotropic artefacts, initially observed in the
individually inverted Swave tomograms, were significantly reduced and the correlation with the
borehole logs improved, while the resolution of the jointly invertegal®e tomogram was only
marginally affected. The joirihversion proves successful in determining thevee velocity
distribution more accurately than individual inversions. In addition, the jointly inverted tomograms were
used to detect aquifer heterogeresificaused by differences in clay content, and to distinguish areas of
relatively high effective pressure. By comparing the jointly invertegh8 tomograms, suggests the
effect of Swave anisotropy, which showed substantial velocity differences of apmatety-10% to
+10%. The anisotropy may have been caused by the presenceileatguores, microcracks and
preferred mineral alignment (mainly clay) in the media.

5.1 Introduction

Crossborehole tomographic investigations are routinely applied for higblutgsn lithological
structure delineation (Yamamoto et, dl994; Angioni et al.2003; Daley et al.2004; Dietrich and
Tronicke 2009). Applications range from exploring development sites considered for larger building
projects, such as power stationlgms and highise buildings, to natural resource exploration and
ground water aquifer studies. Currently, P wave tomography is employed more frequenthntnasn S
borehole tomographic surveys (Paasche £2@lL1). Examples of-#&ave borehole tomograplyclude

a survey to (1) derive geotechnical elastic properties (Angioni ,e2@03), (2) constrain a hydro
geological model (Daley et aR004) and (3) perform a joint interpretation oflooated Pand Swave
tomograms by means ah irtegratedanalysis (Dietrich and Tronick€009). The velocity structures
and the elastic parameters, i.e. Youngds modul us
P-wave to Swave velocity ratio@ 7O ), were used for a joint interpreian. These Svave tomographic
surveys were conducted with a singlav&ve polarisation, using either vertically polarised {8&4es)

or horizontally polarised-8aves (SHwvaves).

Crossborehole surveys employing both horizontally and vertically polariSiwave sources have been
used previously for anisotropiecgave measurements (e.g. Sully and Campari€lb; Ku and Mayne
2014). These were conventional crosshole testing surveys and were restricted by gathering only 1D

measurements with depth. Howeveising both vertich) and horizontally polarised -aves in
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conjunction with Pwaves in a tomographic survey enables the determination of three 2D velocity

tomograms which can be jointly interpreted.

The colocated datasets also enable joint tomogajversions using a croggadient constraint
(Gallardo and Meju2003; Gallardo and Meji2004). The crosgradient constraint enforces structural
similarity of the resulting models and has been used for jointly inverting different geophysical datasets.
For example, Gallardo and Meju (2004) jointly inverted-@istivity and refraction seismic data,
Tryggvason and Linde (2006) jointly inverted local earthquake tomographic data consistirandf P
Swaves traveltimes, and Moorkamp et al. (2011) providdramework for jointly inverting
magnetotelluric gravity and refraction seismic data. Jointly invertedSM and S\f\wave traveltime

data enable the structural coupling of the less accuratv8 to the more accuratenwve traveltimes.
Thereby, the Svave velocities are estimated better, as erroneous traveltimes will not cause artefacts in
the tomogram. In addition, the two differently polarised&e tomograms will enable to estimate the

presence of anisotropy.

We chose th&AFIRA (SAnierungsForsdiung In Regional kontaminierten Aquiferen, i.e. research on
remedial measures in regionally contaminated aquifers) research facility in Zeitz, Germany (Wgil3 et al.
2001; Weil3 et a].2002), as the test site exhibited an overconsolidated clay layer aixapptely 15

m thickness (Dietze2007, pp. 2428). Theoretical considerations and bender element testing have
shown that the ®vave velocity changes with increased external stresses (Fratta2€04d!. Lee et al.

2005). Therefore, thBAFIRA site exhiliting the overconsolidated clay layer was sought to test with

the two different Svave sources.

5.2 Geology of theSAFIRA Site

The geology of theSAFIRA research facility is composed of Tertiary and Quaternary sedimentary
deposits of the river Weil3e Elsterhieh slightly dip to the North and NorABast. Two groundwater
aquifers are present, consisting of medium to coarse grained sand. The two aquifers are separated by
clay and interbedded lignite seams (Diet2007 p. 25. For two reasons, the tomographic
measurements target the layers below Aquifer 1, i.e. the layers of clay and lignite seams, and Aquifer 2.
Firstly, all layers below Aquifer 1 are saturated, which would limit refraction effects along the water
table boundary. Secondly, the sediments of fegui and the layers below were overconsolidated during

the glaciation period of the Elst&aale. Therefore, some form of anisotropy is expected, which would

result in different Svave velocities between horizontally avettically polarised Svaves.
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5.3 Data Acquisition

Tomographic measurements were conducted between two borehole pairs, with all four boreholes being
nearvertical with depths of more than 40 m. The two borehole pairs are separated by a distance of
approximately 14 m and 9 m on surfacethvthe borehle locations shown ifrigure5.1

4514650
Tu Zealil. W N

Boreholes at the

.. ® SAFIRA Facility
g o Boreholes employed ||
% t 3 for survey ! é
°° o® - Fence d

= Train track

4514500 4514550 4514600 4514650

44— Scparation: 14 m e

B51

e X 4 vt

Figure5.1: Overview of the borehole locations at tBAFIRA research facility in Germany with the

highlighted borehole pairs B2B51; and B45 B44.

Two dfferent sources were employed, thereby generating three different types of Waesswere P

waves, SHwvaves and SWvaves. The sources were successively lowered into one borehole (B51 or
B44) and a tesstation threecomponent receiver array recordeddfgnals in the adjacent borehole (B29

or B45). Alignment of the sources and receivers was performed from surface and enabled by rotationally
stiff hosesattached to théoreholedevices The horizontally polarising source was aligned to either
shoot in &0° or 270° angle to the receiver borehole and the vertically polarising source was shooting
either up or down. This reversal in shooting direction generatedv8s with opposing polarity,
comparable to the Crossover method iw&ve crosshole testing setys (Tanimoto and Kurzeme

1973). Once aligned, treurces and receivengere pneumatically clamped to the borehole wall. For
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each layout, care was taken to keep the receiver string in place and at the same pneumatic clamping

pressure of 10 bar, whiledlsources were exchanged.

Data were collected between the depths of 5 and 49 mBB2Pand between 12 and 42 m (B&45)

with a source and receiver spacing of 1 m respectively, and with a high-sigrase ratio. The
temporal sampling rate was 16 kifor both sources. Examples of raw receiver gathers at a depth of 18
m are shown irFigure 5.2 for the horizontally and vertically polarised sources respectively. It can be
observed that the horizontalpplarising Swave source produces Skhves and Rvaves (Figire5.2a),

while the verticallypolarising source predominantly produces SV wavesu(Eig 2o).
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Figureb5.2: Example of a raw receiver gather for tomographic slice planeB52%t 18 m depth of the
horizontallypolarising Swave source (a) and the verticafiglarising Swave source (b) at tt#AFIRA

site. For the SHvave source (a), the horizontal channel perpendicular (90°) to the source borehole is
shown for the two opposing strike directions (@hd 270° to the receiver borehole). Both-8&ve

and Pwave are clearly visible. For the Shave source (b), the vertical channel is shown for the two

opposing strike directions up and down. Thew@a#e is clearly distinguishable.
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The threecomponent reeivers allowed the computation of hodograms, whereby the seismic wave
motion is visualised by plotting the amplitudes of the different components (x, y and z) relative to each
other. Shear wave splitting into orthogonaiv&ves is commonly recognised blyetuse of such
hodograms (e.g. Crampin and Chas2003). The hodogram analysis indicates that the vertically
polarising source produces S¥aves, while the main-&ave polarisation of the horizontally polarising
source is horizontal. Therefore, we comfgd that the SWaves and Skvaves are in fact vertically

and horizontally polarised, respectively. The dominant frequency fortbeve is approximately 1200

to 1400 Hz and for the twoBaves in the range of about 100 to 400 Hz.

Data processing includehe resorting of traces, adjusting for trigger delays and independent picking

of P wave and-8vave traveltimes. The Shaveltimes were picked by analysing the horizontal channels
perpendicular to the source borehole, while the SV traveltimes weramiokhe vertical channel. The
P-traveltimes, on the other hand, were determined on tleameceivers. Subsequently, the traveltimes

were analysed for their plausibility and erroneous traveltimes wesicked. In total, approximately

950 and 710 ®vave, 960 and 708 Siave and 880 and 710 SMave traveltimes were picked for the
tomographic planes B2B51 and B44B45 respectively (Figre 5.3). The traveltime accuracies are
estimated at 0.1 ms for the P wave and approximately 1.0 ms forthges Thisis a rough estimate,

based on the visual analysis of the raw shot gathers and on the traveltimes sorted by both shot and
receiver gathers. The borehole deviation was measureiteomand incorporated in the subsequent

inversion process.
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Figure5.3: SV-, SH and Pwave traveltimes of th8AFIRA research site sorted by receiver depth for
the two slice planes B2B51 (ac) and B44B45 (df). SH-wave and Rwvave traveltimes were
determined from a horizontallyofarising Swave source and the SVaves were determined from a

vertically polarising Svave source.

5.4 Tomographic Inversion

5.4.1 Separate nversion

The seismic velocity models were determined on a 2D grid consisting of cells of roughly 1 m by 1 m,
by invertingthe 1D seismic traveltimes. Mathematically, the relationship

g (5.1)

has to be solved, with the seismic slowness veetdr the measured traveltime vecton @nd the
Jacobian matrixJ), which connects the two relationships. In this particular case of seismic tomography,
the Jacobian corresponds to theglas of rays in each model cell. In the first iteration, a straight raypath
is assumed. Numerically, a sequence of approximations are made in-deastaguare sense, so that
the a2 nor m n ftlecreabes monaogicaky foa e€very iteratigngiving the objective

function
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