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Summary

Coda-Wave Monitoring of Continuously Evolving Material Proper-
ties

We all monitor the world around us through waves. After about sixteen weeks in
the womb, the ears and eyes of an infant child begin to deliver the first signals of
light and sound waves to the brain. In fact, one could argue that consciousness itself
is the feeling one receives when processing large amounts of wavefield data. Despite
the integral presence of wavefield monitoring in biology, it is only since the dawn
of the information age, that society has been able to monitor the world around us
with similar fidelity. Where a recorded wavefield can be assumed to have travelled
through a simple medium, it is often possible to resolve an image, though where
a disordered medium is encountered, and the wavefield is multiply scattered, this
becomes more difficult. It is this disordered portion of a wavefield, often referred to
as the coda-wave, which this thesis is primarily concerned with. By considering the
coda-wave over the coherent arrivals, one loses the ability to resolve the structure of
a medium, though in turn gains improved sensitivity to changes within. This makes
coda-wave monitoring particularly well suited to problems in which sensitivity to
change is a more important quality than the ability to image the medium. On
face value, one might consider coda-wave derived monitoring within Early Warning
Systems (EWSs), towards hazards such as earthquakes, landslides, or the failure
of critical infrastructure. However, operational deployment of such systems must
work from simple, robust, and automated alert criteria, and therefore often rely
on coherent wavefield observations, typically through passive measurements at the
boundary of a region of interest. It is due to this reliance on clear, automated alert
criteria derived from passive observation, which limits the lead time provided by
EWSs, from only a few tens of seconds for earthquakes, to one day of warning for
landslides.

While coda-wave monitoring methods may present the greatest utility within
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early warning systems, there are many areas of research where the objective is to
simply quantify the evolution of a particular quantity. Various works have demon-
strated the sensitivity of the coda-wave to changes in temperature, velocity, water
saturation, and inelastic deformation. An improved phenomenological understan-
ding of the response of the coda-wave under such perturbations is required. This is
particularly true in the field of rock mechanics, where considerable effort is made
to understand the subtle grain-scale processes which occur under different in-situ
conditions.

Therefore, this thesis works towards both the improved utility of the coda-wave
within operational monitoring systems, while advancing the understanding of its
phenomenological response to different grain-scale changes. This is formed into the
following related research objectives:

• The development of robust continuous coda-wave derived monitoring systems.
To extract key precursory indicators to the onset of inelastic material defor-
mation. This is considered as an initial step, enabling the eventual automation
in EWS.

• Improving the characterisation of inelastic deformation within experimental
rock mechanics, through the application of coda-wave derived monitoring me-
thods.

• The demonstration of the spatial imaging capabilities of the coda-wave, during
laboratory testing of samples tested under subsurface conditions.

This thesis begins with a mostly methodological study into the robustness of the
coda-wave under continuous transient, or sudden large perturbations. It is shown
that where a fixed reference material state is considered when monitoring the evolu-
tion of inelastic strain, a rapid decay in sensitivity of the system is experienced. An
alternative rolling-reference material state is presented, from which clear indicators
to the subtle onset of inelastic deformation are determined. It is postulated that
the use of such a rolling-reference approach, combined with an active source will
advance the utility of the coda-wave within continuous monitoring systems, and in
particular EWSs.

This is followed by a study into the coda-wave response of samples from the seis-
mogenic Groningen Gas Field, which are subjective to pore-pressure depletion. It is
shown that through the application of coda-wave derived velocity, scattering power,
and intrinsic/scattering attenuation, an improved understanding of the grain-scale
compaction process is possible. Specifically, it is indicated that the evolution of
inelastic strain does not progressively increase with increasing effective stress, but
develops in serial stages of predominantly intergranular closure, followed by predomi-
nantly intergranular slip. It is postulated that this is the result of continuous stress
redistribution within the grain structure. For high porosity samples, the changes
in intrinsic attenuation indicate the eventual pervasive formation of intragranular
cracks, while for the lower porosity samples the pervasive total closure of crack
space is indicated. The implications of these observations on induced seismicity
monitoring and geomechanical modelling are discussed.
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In the final research chapter of this thesis, the possibility of combining the sen-
sitivity of the coda-wave, while retaining the ability to image the change within a
medium is discussed. Specifically, three mudstone samples of different initial water
saturation, subjected to triaxial compaction, are monitored via multiple receivers,
alternating between active and passive surveying. This experimental design allows
for the comparison between the sensitivity of both active and passive Acoustic Emis-
sions (AEs) monitoring. Through the application of an inversion scheme which is
based on the approximation of diffusive energy density, the formation of initially
microscopic, leading to eventual macroscopic fracturing is monitored within the
three-dimensional core volume. These data suggest that the evolution of fracturing
within saturated mudstones occurs in several stages of reactivation, with the onset
occurring at less than fifty-percent of peak stress. Importantly, for all samples, no
AEs were detected, which suggests that these mudstones deform mostly plastically.
This has important implications on both the study of aseismic lithology within the
laboratory and more critically the assumptions surrounding AE monitoring in the
field.

In summary, this thesis presents the advantages of active source, coda-wave deri-
ved monitoring within both experimental rock mechanics research, and operational
early warning detection systems. This thesis concludes with a proposed research
methodology which has the objective unifying the sensitivity provided by the coda-
wave, with the requirements for automated detection within Early Warning Systems.
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Samenvatting

Monitoren met de coda-golf van doorlopend veranderende materi-
aal eigenschappen

We zien allemaal de wereld om ons heen met behulp van golven. Nadat een kind
ongeveer zestien weken in de baarmoeder is gegroeid beginnen de ogen en oren voor
het eerst signalen veroorzaakt door licht- en geluidsgolven naar het brein te sturen.
Je zou zelfs kunnen stellen dat het bewustzijn het gevoel is dat men krijgt wan-
neer men een grote hoeveelheid data in de vorm van golven probeert te verwerken.
Hoewel het monitoren van golven een belangrijk onderdeel is in de biologie, is de
mensheid pas sinds het begin van het informatietijdperk in staat om de wereld om
ons heen te monitoren met vergelijkbare nauwkeurigheid. Als een golfveld door een
simpel medium is gepropageerd, is het meestal mogelijk om een beeld van het me-
dium te construeren. Als het medium echter onregelmatig van aard is, waardoor
het golfveld meerdere keren wordt weerkaatst, wordt het construeren van een beeld
van het medium moeilijker. In dit proefschrift ligt de aandacht voornamelijk op het
onregelmatige deel van het golfveld, dat vaak wordt aangduid als de coda-golf. Als
men de coda-golf bestudeert in plaats van de coherente golven, wordt het construe-
ren van het beeld van het medium moeilijker, maar wordt de gevoeligheid voor de
eigenschappen van het medium sterker. Dit maakt het monitoren met de coda-golf
erg geschikt voor situaties waar het bepalen van de eigenschappen van het medium
belangrijker is dan de structuur van het medium. Op het eerste gezicht zou het lo-
gisch zijn om gebruik te maken van de techniek van het monitoren van de coda-golf
in Early Warning Systems (EWSs), die gebruikt worden om gevaren zoals aardbe-
vingen, landverschuivingen of het falen van belangrijke infrastructuren te meten.
De operationale opzet van deze systemen is echter gebaseerd op simpele, robuste en
automatische waarschuwingscriteria, waardoor ze afhankelijk zijn van het meten van
de coherente golfvelden, die meestal gemeten worden op de rand van een gebied van
interesse. Door deze afhankelijkheid van duidelijke criteria van passieve metingen
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is de voorspellingstijd van EWSs beperkt, beginnend met slechts enkele tientallen
seconden voor een aardbeving tot hooguit een dag voor een landverschuiving.

Hoewel methodes voor het monitoren van de coda-golf mogelijk het meest zin
hebben voor EWSs zijn er vele takken van onderzoek waar het bepalen van de
verandering van een bepaalde kwantiteit het belangrijkste doel is. Verschillende
onderzoeken hebben aangetoond dat de coda-golf gevoelig is voor veranderingen in
temperatuur, snelheid, water saturatie en niet-elastische deformatie. Een groter be-
grip van het fenomeen dat de respons coda-golf op dit soort veranderigen veroorzaakt
is daarom nodig. Dit is vooral van belang in het veld van de gesteente-mechanica,
waar het begrijpen van de subtiele processen die op de korrelschaal werken en onder
verschillende omstandigheden onstaan een hoofddoel is.

Vanwege deze redenen is dit proefschrift gericht op het verbeteren van de toe-
passing van de operationele opzet van het monitoren, terwijl tegelijk het begrip
van het fenomeen dat de respons van de coda-golf als gevolg van verschillende ver-
anderingen op de korrelschaal bepaalt wordt verbeterd. Dit leidt tot de volgende
onderzoeksdoeleinden:

• Het ontwikkelen van robuuste systemen die continu de coda-golf monitoren.
Het bepalen van belangrijke inleidende indicatoren die het begin van niet-
elastische deformatie kunnen aanduiden. Dit wordt gezien als een eerste stap,
die voor het uiteindelijke automatiseren van een EWS mogelijk maakt.

• Het verbeteren van het bepalen van de niet-elastische deformatie met behulp
van experimentele gesteente mechanica, met behulp van de methodes die ge-
bruik maken van het monitoren van de coda-golf.

• Het demonstreren van de mogelijkheden om een ruimtelijk beeld van een me-
dium te maken met behulp van de coda-golf, door middel van het testen van
monsters in het lab onder ondergrond omstandigheden.

Dit proefschrift begint met een overwegend methodologisch onderzoek naar hoe
robuust de coda-golf is onder geleidelijke of plotseling grote veranderingen. Er wordt
aangetoond dat als er bij het monitoren van de verandering van de niet-elastische
rek gebruik wordt gemaakt van een materiaal toestand met vaste referentie waardes,
er een snelle afname van de gevoeligheid van het systeem wordt waargenomen. Een
alternatieve materiaal toestand met wisselende waardes wordt gepresenteerd, waar
duidelijke indicatoren worden waargenomen die het subtiele begin van niet-elastische
deformatie aangeven. Er wordt gepostuleerd dat het gebruik van een systeem met
wisselende waardes samen met metingen van een actieve bron de toepassing van de
coda-golf in systemen die doorlopend monitoren kunnen verbeteren, voornamelijk
voor EWSs.

Vervolgens wordt er een studie van coda golf responsies gepresenteerd, van mon-
sters uit het seismogenische Groningen gasveld die gevoelig zijn voor afname van de
druk in de poriën. Er wordt aangetoond dat het gebruik van de snelheid, verstrooi-
ïngsvermogen en intrinsieke/verstrooiïng demping die uit de coda-golf wordt afgeleid
meer inzicht geeft in de compactie processen op de korrelschaal. Er wordt specifiek
aangetoond dat de evolutie van niet-elastische rek niet toeneemt met de stijging van
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de effectieve stress, maar zich ontwikkelt in stadia van overwegend intergranulaire
afdichting, gevolgd door overwegend intergranulaire slip. Er wordt gepostuleerd
dat dit het resultaat is van de doorlopende spanningsverdeling binnen de korrel-
structuur. Voor monsters met hoge porositeit geven de veranderingen in intrinsieke
demping van de energie de uiteindelijke vorming van intragranulaire scheuren aan,
terwijl voor de monsters met lagere porositeit de totale sluiting van ruimte van de
scheuren wordt aangegeven. De gevolgen van deze observaties op monitoring van
geïnduceerde seismiciteit en geomechanische modellering worden besproken.

In het laatste onderzoekshoofdstuk van dit proefschrift wordt de mogelijkheid
besproken om de gevoeligheid van de coda-golf te combineren met behoud van het
vermogen om de verandering van het beeld van het medium te verkrijgen. In het
bijzonder worden drie kleisteenmonsters met verschillende initiële waterverzadiging,
blootgesteld aan triaxiale compactie, gemonitord met meerdere ontvangers, waarbij
actieve en passieve metingen afgewisseld worden. Deze experimentele opzet maakt
het mogelijk om een vergelijking te maken tussen de gevoeligheid van zowel actieve
als passieve monitoring van de Akoestische Emissies (AE). Met gebruik van een
inversie systeem, dat is gebaseerd op de benadering van diffusieve energiedichtheid,
wordt de vorming van aanvankelijk microscopische breking, wat uiteindelijk leidt
tot macroscopische breking binnen het driedimensionale kernvolume, gemonitord.
Deze gegevens suggereren dat de ontwikkeling van breuk in verzadigde kleistenen
plaatsvindt in verschillende stadia van heractivering, waarbij het begin van de bre-
king onstaat als de piekspanning minder dan vijftig procent is. Het is belangijk
dat voor alle monsters geen AE werd gedetecteerd, wat suggereert dat deze kleiste-
nen meestal plastisch vervormen. Dit heeft belangrijke gevolgen voor de studie van
aseismische lithologie in het laboratorium en voornamelijk voor de aannames rond
AE-monitoring in het veld.

Samengevat presenteert dit proefschrift de voordelen van het gebruik van het
monitoren met de coda golf met actieve bronnen voor zowel experimenteel onderzoek
naar gesteentemechanica als operationele EWSs. Dit proefschrift wordt afgesloten
met een voorstel voor een onderzoeksmethode die tot doel heeft om de gevoeligheid
van de coda golf te combineren met de vereisten voor geautomatiseerde detectie
voor EWSs.
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1
Introduction

“By sacrificing order for disorder,
one gains sensitivity to change”

The rapid increase in societies ability to monitor both the earth [Obregon et al.,
2018; Zhao, 2019], and the built environment [Brownjohn, 2007; Stähli et al., 2015]
has to a large extent been driven by the combination of affordable sensors, and
the ability to transmit large amounts of data wirelessly. Due to their ubiquitous
presence, wave phenomena play a critical role in the monitoring of changes at both
the surface, and within a medium. Where one can comfortably assume the wavefield
remains coherent, investigation is possible through conventional imaging techniques
based on geometrical considerations. However, where the wavefield interacts with
disordered media and is multiply scattered, diffusive transport begins to govern the
distribution of energy - akin to the Brownian motion of particles. The question of
whether a propagating wavefield perceives a medium as homo- or heterogeneous is
one of scale. For a certain density ρn of scatterers, where their size a1 is equal to
the dominate wavelength λ0 the attenuation due to scattering will be maximised
[Kawahara et al., 2009]. From this standpoint, the degree of heterogeneity of a
medium is not an intrinsic property, but one defined by the scale of observation.
The mean free path l∗ which describes the average distance between scattering
events is often expressed as a medium property, when in fact it is determined by
both the material and the probing wavefield.

In seismology, the first study of this nominally incoherent portion of recorded
waveforms was made by Aki [1969], who coined the term "coda" to describe the
observed random nature of the tail end of recorded earthquakes. The observation
that the amplitude of the coherent arrivals decreased with epicentral distance, while
the coda energy remained invariant, was used as evidence of localised backscatter
of the incident arrivals. Subsequent works have used coda-wave analysis to study
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seismic sources and medium properties [Rautian and Khalturin, 1978; Herrmann,
1975], or as a tool to quantitatively estimate the strength of random heterogene-
ity within a region [Aki and Chouet, 1975; Sato, 1978]. The theoretical basis of
these initial works can be separated into single scattering theory at one end [Sato,
1977a,b; Kopnichev, 1975, 1977a,b] valid for short propagation distances and lapse
times, and the diffusive propagation [Wesley, 1965; Aki and Chouet, 1975] on the
other. These theoretical descriptions of the coda-wave gave rise to several phe-
nomenological parameters able to capture the statistical properties of disordered
media, such as the total scattering coefficient g0 ≡ l∗−1, which describes the scat-
tering power per unit volume (see the grey box), or the S-coda attenuation Q−1

c ,
measured from the coda amplitude decay rate. Later the seismic albedo B0, was
introduced [Wu, 1985], which is a measure of the ratio between scattering ScQ−1,
and total Q−1 attenuation respectively. Radiative transfer theory [Chandrasekhar ,
1960], provides a link between these statistical descriptions of wave propagation,
and the spatiotemporal fluctuations of energy density within random media, and
has been developed further to better describe various phenomena of interest to the
seismological community [Wu, 1985; Sato, 1994; Wu and Aki, 1988; Shang and Gao,
1988; Zeng et al., 1991]. Many of the initial applications of radiative transfer apply
the Monte Carlo method for acoustic and isotropic scattering [Hoshiba, 1991, 1994;
Yoshimoto, 2000] and later with elastic mode conversions [Sens-Schönfelder et al.,
2009; Yamamoto and Sato, 2010].

So far, all of the mentioned coda-wave related field studies can be classified as
concerned with the development of spatial maps of scattering properties. Some of the
first temporal studies demonstrated the sensitivity of phenomenological parameters
such as Q−1

c to changes due to local earthquakes [Gusev and Lemzikov, 1985; Jin
and Aki, 1986, 1989].

Another branch of coda related studies, not discussed until now are those con-
cerned with the phase information within the coda. This by definition requires a
temporal comparison of the coda-wave, first described by Poupinet et al. [1982] for
micro-earthquake doublets around the San Andreas and Calaveras faults [Poupinet
et al., 1982] in the USA, and later within the Mt. Merapi volcano in Indonesia
[Ratdomopurbo and Poupinet, 1995]. These seminal works mark the beginning of
the concept by which a scattering medium is considered as an interferometer.
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scatterer

Scattering medium

J1r2dΩ

J0

Single scatterer

The total scattering coefficient g0 represents the average scattering power
per unit volume over all directions. The differential scattering cross-section
is the ratio of scattered energy flux J1 through a solid angle surface element
r2dΩ, to the incident energy flux J0 as [Sato et at., 2012 ],

dσ

dΩ
= J1r2

J0 . (1.0.1)

By taking the integral over all directions (dΩ segments), g0 can be defined as,

g0 = ρn

∮
dσ

dΩ
dΩ = ρnσT ≡ l∗−1, (1.0.2)

where l∗ is the mean free path and ρn is the density of scatterers within the
medium. For a plane wave of frequency ω, g0 can then be related to the
scattering attenuation ScQ−1 as

ScQ−1(ω) = g0V0

ω
, (1.0.3)

where V0 is the background velocity of the medium.
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1.1 The coda-wave as an interferometer

As a wave propagates beyond one l∗, it begins to lose memory of its incident direc-
tion, and therefore the ability to reconstruct an image of the host medium through
geometrical considerations. By considering the medium as an interferometer, with
this loss in spatial resolution [Widess, 1973], comes a gain in sensitivity to changes
within the region sampled by the wavefield, making these methods well suited to
monitoring applications. It is this concept which underpins the studies presented
in this thesis. In the following section a review is given, covering the development
and application of three methods which use interferometric principles. Each method
considers at least one of the three quantities necessary to describe the evolution of
energy density within a scattering medium. These are velocity V0, and the scattering
ScQ−1, and intrinsic IQ−1 [Yuehua Zeng, 1991].

1.1.1 Coda-Wave Interferometry

While the first indications that the scattered wavefield could be reliably used as an
interferometer were made through direct application to seismological data [Poupinet
et al., 1982], the first to explicitly state this intention was Snieder [2002a]. The term
Coda-Wave Interferometry (CWI) in the most general terms was introduced to de-
scribe the theoretical relationship between a homogeneous change within a scattering
medium, as measured by a normalised cross-correlation between wavefields recorded
in the unperturbed, and perturbed states. While a number of perturbation types
are discussed in this seminal work, the most widely applied to date has been the
relationship between a phase shift and a change in the relative velocity.

Subsequent geophysical applications have demonstrated the utility and sensitiv-
ity of CWI where micro-earthquake doublets enable velocity changes to be deter-
mined in the vicinity of active volcanoes [Snieder and Hagerty, 2004; Snieder and
Vrijlandt, 2005; Grêt, 2005; Pandolfi et al., 2006; Martini et al., 2009]. Another more
recent study demonstrated the temporal effect that large regional earthquakes can
have on the velocity structure of volcanoes [Battaglia et al., 2012]. A key require-
ment of CWI, is the availability of a repeatable source, a fact which has limited
many of the initial field-scale applications to regions where impulsive earthquake
doublets are found [Poupinet et al., 2008]. One of the first examples where active-
source, field-scale, monitoring was conducted is the study by Wang et al. [2008], in
which changes in barometric pressure were related to velocity variations.

Due to the difficulties associated with active source field-scale studies, several
groups have investigated the use of passive monitoring approaches, which make use
of the ambient noise-field through seismic interferometry [Campillo, 2003; Wape-
naar , 2004; Shapiro et al., 2005], to retrieve the impulse response of the medium.
The applicability of CWI through passive measurements has been demonstrated for
volcanoes [Snieder and Hagerty, 2004; Grêt, 2005; Sens-Schönfelder and Wegler ,
2006], the lunar subsurface [Sens-Schönfelder and Larose, 2008], around fault zones
[Wegler and Sens-Schönfelder , 2007], and within mines [Grêt et al., 2006a].

Another field of study within which CWI has gained considerable popularity is
Non-Destructive Testing (NDT). It has been applied to measure thermal changes
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within concrete [Larose et al., 2006; Wunderlich and Niederleithinger , 2012], and
metal [Michaels and Michaels, 2005], or to monitor stress changes due to both the
acoustoelastic effect [Larose and Hall, 2009; Stähler et al., 2011] and the formation
of damage [Shokouhi et al., 2010; Zhang et al., 2011; Schurr et al., 2011; Zhang
et al., 2012b; Masera et al., 2011]. Due to many of the same concerns associated
with the deployment of active source monitoring infrastructure within seismology,
recent efforts have also been made in the NDT community to assess the feasibility
of ambient noise applications, initially in the laboratory [Hadziioannou et al., 2009],
and more recently on a functioning highway bridge [Hadziioannou et al., 2019]. For
a detailed review of CWI in NDT, the reader is referred to Planès and Larose [2013].

In addition to the geophysical and NDT applications, initial steps have been
made in the rock mechanics community, where CWI has been applied to better
characterise laboratory samples exposed to perturbations in temperature, stress,
and fluid saturation [Grêt et al., 2006b; Griffiths et al., 2018].

1.1.2 Coda-Wave Decorrelation

The initial formulation of CWI was presented in terms of a homogeneous change
in either scatterer location or material velocity, and therefore formulated without
the intention of localising a change within the medium. Through the observation in
the laboratory that correlation coefficients from different receivers display a spatial
dependency, Larose et al. [2010] made the first steps in the development of what is
referred to in this thesis as Coda-Wave Decorrelation (CWD). While the processing
steps remain essentially the same as CWI, the authors present an expression for
the theoretical decorrelation coefficient due to the formation of a localised defect, in
terms of the total scattering cross-section σT . This is based on the approximation of
a diffusive sensitivity kernel between source and receiver pairs, which evolves with
increasing lapse time. For a receiver network, and a miss-fit function between the
theoretical and measured decorrelation coefficients, the location of a single defect
is determined in a probabilistic sense. A detailed description of the theoretical
underpinnings of this method is given by Rossetto et al. [2011], while a least squares
approach is proposed by Planès et al. [2015], which allows the simultaneous detection
of multiple defects. To date, the geophysical applications of CWD inversion have
been applied to monitor the structural changes associated with preeruptive and
coeruptive changes in a volcano [Obermann et al., 2013a], and due to the Mw 7.9
2008 Wenchuan earthquake [Obermann et al., 2014, 2019]. In these studies ambient
noise interferometry was applied to determine the impulse response of the region,
from which CWD is applied.

In the NDT community several Structural Health Monitoring applications have
been made, locating the formation of a single crack in a concrete bending test [Larose
et al., 2015], on a test bridge, and within an aeronautical wind tunnel [Zhang et al.,
2018].

The crucial component of CWD inversion, which enables the location of change
to be determined are the sensitivity kernels. These encode an approximation of the
evolution of wavefield intensity based on certain assumptions of the medium and
its boundary conditions. Recently, efforts have been made to derive kernels which
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include the coherent arrivals where the single scattering approximation is applicable
[Margerin et al., 2016; Nakahara and Emoto, 2017], or to include the influence of
boundary conditions through numerical modelling of diffusive transport of energy
[Kanu and Snieder , 2015; Xue et al., 2019]. These steps represent an improvement
in the robustness of the method, and can be expected to enable application to a
greater range of problems.

1.2 Monitoring changes in intrinsic attenuation

So far we have discussed coda-wave derived monitoring methods for velocity V0,
and the scattering cross-section σT of the medium, as related to the scattering at-
tenuation ScQ−1. These represent two of the three quantities required to describe
the evolution of energy density where both single and diffusive propagation is con-
sidered [Yuehua Zeng, 1991]. The final quantity which is required is the intrinsic
attenuation IQ−1. The introduction of the "seismic albedo" B0 by Wu [1985],

B0 =
ScQ−1

ScQ−1 + IQ−1
=

ScQ−1

Q−1 . (1.2.1)

represented an important step in quantifying IQ−1. While various methods have
been proposed to separate the components of Q−1 from measured data [Aki, 1980;
Frankel and Wennerberg, 1987; Jacobson, 1987], the most commonly applied in
seismology is Multiple Lapse-Time Window Analysis MLTWA. This method was
introduced by Fehler et al. [1992] and uses the observation that energy density within
different time windows of a scattered wavefield is influenced to varying degrees by g0
and Q−1. A Monte Carlo simulation [Hoshiba, 1991] is typically applied to simulate
the scattering process, with comparisons to different radiative transfer theories [Wu,
1985; Yuehua Zeng, 1991]. Since its introduction, MLTWA has been applied to a
number of tectonic areas [Mayeda et al., 1992; Hoshiba, 1993; Del Pezzo et al., 2011;
Akinci et al., 1995; Pujades et al., 1997; Akinci and Eyidoan, 2000], with efforts
made to consider non-uniform velocity and scattering coefficients [Hoshiba, 1995,
1997; Hoshiba et al., 2001], and the layered nature of the earth [Bianco et al., 2002,
2005]. It is important to note that the primary objective of all MLTWA studies to
date, has been to establish a spatial map of the attenuative properties, and not to
monitor their temporal evolution due to some perturbation.

1.3 Problem statement

The following problem statement is separated into two main areas of concern. Those
related to the development of methods which improve the utility of the coda-wave
monitoring within Early Warning Systems (EWS), and improving the understand-
ing of changes in material properties through coda-wave monitoring.

By focusing on the diffuse wavefield, one sacrifices order or coherence for sen-
sitivity. The point at which sensitivity is most valuable is where the timelines of
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information is of utmost importance. Following this train of thought, one concludes
that the application of coda-wave derived monitoring methods is likely to provide
the greatest utility to problems of early warning detection. Some of the key require-
ments of such EWS are [UN/ISDR: Global, 2006]

• Simplicity; indicators must provide clear warning signatures which are well
understood by the end-users.

• Robustness; able to withstand changes in environmental fluctuations and con-
tinuous drift.

• Automated data processing steps, and the triggering of alarms.

So far, due to the added complexity of deploying active source monitoring systems,
the majority of the field scale examples of either environmental hazard or Structural
Health Monitoring (SHM) have used the passive noise field as the source. This choice
can be considered as a trade-off between robustness, automation and sensitivity, for
simplicity as the associated instrumentation is greatly reduced.

• The robustness of the system is reduced, as any sudden large or long term
drift in the characteristics of the noise will deteriorate the stability of the
monitoring system.

• Automation due to the often manual steps required in the preprocessing of that
noise field, in order to satisfy the assumption of an ambient random signature.

• One can expect a reduction in the obtainable sensitivity of passive noise-field
correlations, in comparison to active source measurements. For passive seismic
interferometry systems, the amplitude and frequency of the impulse response
cannot be designed to meet the requirements of the system, and therefore the
sensitivity of the system is defined by the characteristics of the available noise
field.

Due to many of the concerns stated above, outside of academic research, coda-wave
derived interferometry has yet to gain a foothold in operational EWSs.

On the other hand, one can consider Earthquake Early Warning (EEW) systems
as trading reduced sensitivity, for improved simplicity, robustness, and automation.
These systems do not attempt to determine any subtle precursory changes, but
rather automate the detection of an actual earthquake [Allen and Melgar , 2019].
Depending on the epicentre location, these systems can provide vital seconds to
tens of seconds warning of the arrival of damaging surface waves. While EEW
systems serve a vital role in earthquake prone regions, their ability to provide a
warning is inherently limited by both the epicentre to population centre distance,
and the speed at which automation can deliver an alarm.

Before one can incorporate the sensitivity benefits of the coda-wave into EWS
in general, the robustness and automation of processing must be addressed. It is
suggested that one way to achieve this would be through the adoption of continuous,
active source monitoring. This principle is exemplified by the San Andreas Fault Ob-
servatory at Depth (SAFOD) study by Niu et al. [2008], during which cross-borehole
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active source monitoring determined approximately 10 h of pre-seismic phase shift
within the coda before a magnitude 3 earthquake.

While coda-wave monitoring methods may present the greatest utility in early
warning systems, there are many possible applications where the objective is simply
to monitor the evolution of material properties. Within the field of experimental rock
mechanics, the majority of the employed methods used to characterise a particular
lithology only measure the bulk response of a sample at its boundaries. In order
to address this issue, several laboratories over the past few decades have begun to
implement geophysical methods to better characterise different lithologies. Aside
from a few exceptions [Griffiths et al., 2018; Grêt et al., 2006a], the majority of
these focus on the coherent first arrivals, and therefore do not exploit the sensitivity
of the coda-wave. Furthermore, while there are several techniques which are able
to resolve the heterogeneities of test samples, such as velocity tomography [Jansen
et al., 1993; Brantut, 2018; Aben et al., 2019] or Acoustic Emissions monitoring
[Lockner , 1993; Lei et al., 2004; Heap et al., 2009; Sarout et al., 2017], the majority
do not provide any spatial information.

1.4 Thesis objectives

The objective of this thesis is to work towards the improved utility of coda-derived
monitoring, while advancing the phenomenological understanding of changes in ma-
terial properties through the lens of the coda-wave. These objectives are realised
through

• The development of robust continuous coda-wave derived monitoring systems.
To extract key precursory indicators to the onset of inelastic material defor-
mation. This is considered as an initial step, enabling the eventual automation
in EWS. This objective is considered within chapter 2 of this thesis.

• Improving the characterisation of inelastic deformation within rock-mechanics
testing, through the application of coda-wave derived monitoring methods.
This objective is considered within chapter 3 and chapter 4 of this thesis.

• The demonstration of the spatial imaging capabilities of the coda-wave, dur-
ing laboratory testing of samples tested under subsurface conditions. This
objective is considered within chapter 4 of this thesis.

1.5 Thesis outline

This thesis begins in the first research chapter with a mostly methodological study
into the robustness of coda-wave monitoring. This is combined in the second research
chapter with a phenomenological study of the grain-scale compaction process. While
the first two research chapters employ single source-receiver pairs, the final research
chapter works to incorporate spatial information through the coda-wave monitoring
of a medium with multiple source-receiver pairs.
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In chapter 2, a single source-receive arrangement is applied, to monitor Un-
confined Compressive Strength (UCS) tests on different laboratory core samples.
Here the importance of maintaining sensitivity to the changes in material proper-
ties is highlighted by a comparison between a fixed and rolling-reference wavefield
for both velocity (CWI) and scattering power (CWD). Through a rolling-reference
arrangement, subtle precursory indicators are identified to the classically defined
yield point of a material. Furthermore, the relative sensitivity of coda-wave meth-
ods is compared with the Time-Of Flight (TOF) of the wavefield. In terms of the
stated research objectives, this chapter works to improve the robustness of coda-
wave monitoring methods where either sudden large, or long-term transient material
perturbations are expected.

In chapter 3, a study of samples from the seismogenic Groningen Gas Field
under in-situ conditions is conducted. Here the three coda-wave based methods of
CWI, CWD, and MLTWA are applied to monitoring velocity V0, scattering power
g0, and intrinsic IQ−1/scattering ScQ−1 attenuation respectively. Each sample is
subjected to pore-pressure depletion at in-situ conditions over a period of days.
Relative changes in each quantity are combined with micro-structural analysis, and
the theory of acoustic wave propagation within saturated media to gain insight
into the grain-scale compaction process. The implications of this work on both
induced seismicity monitoring, and geomechanical modelling are discussed. In terms
of the research objectives, this chapter works to advance the understanding of grain
scale compaction within saturated porous media, with implications on the field-scale
monitoring and modelling of induced seismicity.

In chapter 4, CWD inversion is applied to image the triaxial compressions of
Whitby mudstone core samples, providing a 3-D time-lapse description of the evo-
lution and redistribution of fracturing. Here, this active source method is compared
with the sensitivity of the passive method of Acoustic Emissions (AE) monitoring for
three samples of different initial water saturation. The implications of this research
on both the understanding of inelastic strain localisation, and the possible benefits
of the method for the rock mechanics community are discussed. In terms of the
research objectives, this chapter demonstrates the capabilities of CWD in locating
inelastic changes within a laboratory setup, with the sensitivity of the coda-wave.

In chapter 5 a summary of the major findings presented in this thesis is given.
This is followed by several recommendations of possible directions for future re-
search, to advance both the feasibility of coda-derived monitoring within early warn-
ing detection systems, and to improve the understanding of how specific changes in
material properties can be extracted from the coda-wave.
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2
Coda-wave monitoring of continuously
evolving material properties and the
precursory detection of yielding

Abstract The nominally incoherent coda of a scattered wavefield has been shown
to be a remarkably sensitive quantitive monitoring tool. Its success is, however, often
limited to applications where only moderate or localised changes in the scattering
properties of the medium can be assumed. However, the compressional deformation
of a relatively homogeneous rock matrix towards failure represents for a monitoring
wavefield pronounced changes in both velocity and scattering power often due to a
distribution of inelastic changes. A rolling reference wavefield is implemented when
applying coda-wave interferometry (CWI) and coda-wave decorrelation (CWD), al-
lowing relative velocity and material scattering power monitoring for such applica-
tions. It is demonstrated how this modification enables the qualitative monitoring
of stages in material deformation common to unconfined compressive strength tests.
In addition, the precursory/subtle onset of material yielding is identifiable in both
the CWI and CWD methods, which was not possible when comparing to a fixed
reference wavefield. It is, therefore, expected that this approach will enable these
coda-based methods to robustly monitor continuous, destructive processes at a va-
riety of scales. Possible applications include critical infrastructure, landslide, and
reservoir compaction monitoring where both the subtle continuous and sudden large
changes in a material’s scattering properties occur.

Published as: Zotz-Wilson, R., Boerrigter, T., Barnhoorn, A., (2018),Coda-wave monitoring
of continuously evolving material properties and the precursory detection of yielding, Journal of
the Acoustical Society of America, 145,2,1060–1068.
Note that minor changes have been introduced to make the text consistent with the other chapters.
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2.1 Introduction

With the advent of affordable sensor networks, along with the ability to transmit
large amounts of data wirelessly, the feasibility of evermore complex monitoring
systems is increasing rapidly [Brownjohn, 2007; Stähli et al., 2015]. Whether it
be critical infrastructure structural health monitoring (bridges, dams, nuclear re-
actors) or environmental hazards (earthquakes, landslides, induced seismicity) or
early warning detection to dynamic failure, continuous non-intrusive monitoring is
crucial.

Many works have demonstrated the remarkable sensitivity of the scattered wave
to media-wide properties, through the estimation of velocity changes over fault zones
[Poupinet et al., 1984], in volcanoes [Grêt, 2005; Matsumoto et al., 2001; Ratdomop-
urbo and Poupinet, 1995; Sens-Schönfelder and Wegler , 2006], landslides [Main-
sant et al., 2012], and within the lunar near surface [Sens-Schönfelder and Larose,
2008]. Various ultrasonic laboratory experiments have shown the coda’s sensitiv-
ity to changes at the mesoscopic scale in terms of stress, temperature, and water
saturation [Grêt et al., 2006b; Stähler et al., 2011; Zhang et al., 2012b]. The coda-
wave interferometry (CWI) formulation presented by Snieder [2002a] has served as
the basis for many such relative time-lapse monitoring studies on solid media. In
the field of optics diffusing wave spectroscopy (DWS)[Pine et al., 1990] has been
used to study different aspects of strongly scattered light, and was later extended to
acoustics as diffusing acoustic wave spectroscopy (DAWS) [Page et al., 2000] relat-
ing phase changes in a wavefield to, for example, monitor the average displacement
of scatterers in a fluidised suspension.

In general, the recent research applying CWI has focused on exploiting the sensi-
tivity benefits of the coda-wave in monitoring subtle, often cyclical, non-destructive
processes and thereby inferring the average velocity change. To the authors’ knowl-
edge, the only studies which have applied CWI well into a region of inelastic defor-
mation have been limited to concrete structures either partially [Zhang et al., 2016]
or fully under tensile forces [Zhang et al., 2012b], of which only the latter shows the
ability to track velocity changes close to the ultimate strength of the structure.

The method termed coda-wave decorrelation (CWD) as introduced by Larose
et al. [2010] and later formalised by Rossetto et al. [2011] provides a spatiotempo-
ral theoretical expression for the resulting decorrelation between a reference and
perturbed wavefield due to the addition of a single or multiple localised scatterers
[Planès et al., 2015]. The ability of CWD to locate such a local change in scattering
properties with the aid of a maximum likelihood inversion between the measured
and theoretical decorrelation has been shown in a laboratory setting [Larose et al.,
2015, 2010], around an active volcano [Obermann et al., 2013a] and most recently
on a life-sized reinforced concrete structure [Zhang et al., 2016]. The focus of this
branch of coda-wave studies is on relating the decorrelation coefficient K between
two wavefields to changes in material scattering properties. The most recent con-
crete structural health monitoring applications of CWD [Larose et al., 2015; Zhang
et al., 2016] demonstrate its ability to identify the transition from elastic to inelastic
deformation. However, there has been no published work that applies either CWI
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or CWD on a rigid material throughout the elastic and inelastic deformation up
until catastrophic failure. Furthermore, in both works macroscopic cracking is ini-
tiated under tensional bending where the stress field is localised, and, therefore, a
more localised crack network results than would otherwise occur under a homoge-
neous tensional or compressional loading regime [Paterson and Wong, 2005]. While
such localised changes are well suited to the LOCADIFF algorithm [Larose et al.,
2010; Planès et al., 2013], where a more homogeneously distributed fracture network
develops the resolution limit of the method will become an issue.

In this study we explore the practical application of these coda-wave focused
monitoring methods on a rock matrix undergoing continuous changes in bulk scat-
tering power and intrinsic velocity due to a homogeneous stress field with the goal
of identifying defined stages of material deformation [Heap and Faulkner , 2008] and
the precursory indication to material yielding. In particular, we show that for a
fixed reference wavefield uu(t), monitoring the onset of elastic deformation due to
compressional loading, both CWI and CWD monitoring experience a rapid decay
in sensitivity. As a result, both are unable to identify the transition from elastic to
inelastic deformation.

In order to overcome this, a rolling reference wavefield upj−N
(t) , lagging N mea-

surements behind the most recently acquired jth monitoring wavefield upj (t), is em-
ployed in a normalised cross-correlation formulation. With this simple modification,
we show how one is able to identify three defined phases of material deformation
common to laboratory unconfined compressive strength (UCS) tests. From this seg-
mentation we are able to determine for two lithologies and three samples, precursory
indicators to a material’s yield point in both the CWI and CWD trends. It should
be mentioned that while the idea of changing the reference has been applied before
[Grêt et al., 2006b; Obermann et al., 2013a; Snieder , 2002b], and briefly discussed
in a rolling formulation in the thesis of Planès [2013], its application to enable the
continuous monitoring of a material’s properties throughout deformation up until
catastrophic failure remains unexplored.

2.2 Fixed-reference monitoring of destructive processes

2.2.1 The theory of CWI for monitoring changes in velocity

The formulation of CWI as presented by Snieder [2002a] rests upon the under-
standing that a recorded wavefield uu(t)which has interacted with an unperturbed
scattering medium can be represented as the summation of all possible paths P
through that medium as

uu(t) =
∑

P

Ap(t), (2.2.1)

where Ap denotes the wave that propagates along path P . The first major assump-
tion concerning the medium itself is that each individual scatterer has stationary
properties, therefore, preventing a change in its scattering cross-section (size, shape,
density, and velocity). Additionally, it is assumed that the mean free path l∗, which
is indirectly related to the averaged distance between scatterers, is much greater
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than the dominant wavelength λ0.
A perturbed wavefield up(t) that has experienced a subtle change δ << l∗ in ei-

ther the location of scatterers, the location of the source, or the background medium
velocity, can then be represented as

up(t) =
∑

P

Ap(t − τP ), (2.2.2)

where τP represents the travel time change along path P . This formulation, there-
fore, implies that provided the perturbation does not change the dispersion of the
wavefield; only a change in the arrival time of uu(t) will occur. The cross-correlation
coefficient CC(ts) for a particular window of width 2tw centered at time tk within
the coda, (tk − tw) to (tk + tw) is often presented as

CC(ts) =
∫ tk+tw

tk−tw
uu(t)up(t + ts)dt[ ∫ tk+tw

tk−tw
u2

u(t)dt
∫ tk+tw

tk−tw
u2

p(t)dt
]1/2 , (2.2.3)

where uu(t) and up(t) are the unperturbed and perturbed waveforms, respectively.
This time shifted cross-correlation coefficient CC(ts) for a small window will reach a
maximum when the average travel time perturbation ⟨τ⟩ across all perturbed paths
P is,

⟨τ⟩ = ts. (2.2.4)

A homogeneous relative velocity perturbation can then be determined to a first
order approximation by

δv

v
= −⟨τ⟩

tk
. (2.2.5)

If we now consider this in terms of a rock matrix, the first assumption of CWI
implies that the size, width, and number of inhomogeneities (e.g., fractures, pores)
remains constant in time. Furthermore, it requires that for a change in the phase to
dominate the average distance between such inhomogeneities (the mean free path)
is considerably larger than a wavelength. The constraint of a non-dispersive pertur-
bation requires that changes in properties such as scattering or intrinsic attenuation
are negligible. Provided only a subtle, cyclical, elastic deformation is applied to a
medium with a sufficiently high source frequency, these assumptions generally hold
within the time period between the perturbed and unperturbed wavefield. This
is demonstrated for a rock matrix in the work by Grêt et al. [2006b], where CWI
derived velocity changes are observed in a sandstone core sample due to a subtle
elastic increase in uniaxial compressive stress.

2.2.2 Applying a CWD approach to monitoring changes in scattering
properties

In order to enable the coda-based monitoring of scenarios where inelastic mate-
rial deformation occurs, one can focus on the maximum cross-correlation coefficient
CC(ts) instead of the ts = ⟨τ⟩ at which its maximum is found. This is equivalent to
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the CWD methods discussed earlier, though with the distinction that here the main
goal is not to find a single [Larose et al., 2010] or several localised scatterer pertur-
bations [Planès et al., 2015] within the medium but to monitor a global perturbation
within the region sampled by the coda-wave.

The scattering power of a medium can be defined in terms of its total scattering
coefficient g0 [Aki and Chouet, 1975]. Assuming an idealised scattering medium as
a random distribution of n point-like scatterers with number density ρn , within
a background velocity V0, and a propagating plane wave, this coefficient can be
defined as [Sato et al., 2012],

g0 = ρnσT ≡ l∗−1, (2.2.6)

which is inversely proportional to a material’s mean free path l∗. By applying
diffusive propagation theory, Rossetto et al. [2011] derived an expression for the
theoretical decorrelation coefficient KT caused by localised perturbation of the total
scattering cross-section σT . This requires the knowledge of a sensitivity kernel
Q(s, xm, r, t) between a source s and receiver r for the perturbation location xm
and a time t within the coda. Re-writing this in terms of a change in a material’s
total scattering coefficient g0 within a background velocity V0, explicitly in terms of
unperturbed and perturbed medium states gives,

KT (X, t) = V0

2

∫
VQ

|∆g0p−u(x)|Q(s, x, r, t)dVQ(x), (2.2.7)

where X defines the ensemble of n randomly distributed perturbation locations
within the kernel volume VQ, while |∆g0p−u| locally defines the difference in total
scattering coefficient between the perturbed (at time tp) and unperturbed material
states (at time tu). Considering eq. (2.2.7) in terms of the evolution of a material’s
scattering properties, any change in the size or impedance contrast of the scatterers
will increase in the decorrelation, as will the addition or removal of scatterers as
the number density ρn changes. Furthermore, these changes will alter the intensity
of the diffusive wavefield [Paasschens, 1997; Pacheco and Snieder , 2005] through
the material’s diffusion and attenuation coefficients, resulting in a change in the
sensitivity kernel.

Equation 2.2.7 is, therefore, able to describe both a change in the number of
scatterers, through ρn or in the size and impedance contrast of scatterers, through
σT , provided one can assume the same sensitivity kernel Q(s, x, r, t) in both states.
For a large perturbation in g0, it will become difficult to maintain this approxima-
tion as the diffusion and attenuation coefficients between the two medium states
begin to diverge. In terms of the measured data, the decorrelation coefficient
(K(ts) = 1 − CC(ts)) between two recorded time-series will approach one, at which
point it will only represent a spurious correlation between two time-series. How-
ever, provided that a weak perturbation can be ensured in the time interval tu − tp,
the measured K(ts) can be related to the modulus of the change in a material’s
scattering coefficient weighted by the sensitivity kernel.
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2.3 Rolling-reference coda monitoring of destructive processes

To ensure the assumptions of CWI and CWD are satisfied throughout the long term
monitoring of continuously evolving material scattering properties, we propose the
use of a rolling reference waveform when determining both the decorrelation co-
efficient and the relative velocity change. While the idea of manually selecting a
different reference wavefield during monitoring is not new [Grêt et al., 2006b; Ober-
mann et al., 2013b], the uses of a rolling reference wavefield enabling the continuous
monitoring of a material throughout deformation up until catastrophic failure re-
mains unexplored. Concerning eq. (3.2.1), such a modification requires the fixed
reference wavefield uu(t) to be replaced by a rolling reference wavefield upj−N

(t) ,
in a monitoring sense lagging behind the most recently acquired wavefield upj

(t) by
N measurements. In terms of the decorrelation coefficient,

KRoll(ts) = 1 −
∫ tk+tw

tk−tw
upj−N

(t)upj (t + ts)dt[ ∫ tk+tw

tk−tw
u2

pj−N
(t)dt

∫ tk+tw

tk−tw
u2

pj
(t)dt

]1/2 . (2.3.1)

Provided the repeat measurement period dtpj−N , at which each upj (t) wavefield
is recorded is much smaller than the rate of change in the scattering coefficient
dg0/dtpj−N , this formulation provides the flexibility of selecting a sufficiently small
reference lag N such that each correlation is able to better satisfy the assumptions
of CWI and CWD. In terms of eq. (2.2.7), for a small dtpj−N the measured KRoll

and the associated ts provides a qualitative description of the rate-of-change (ġ0 =
dg0pj−pN

/dtpj−N ) in g0 and dv/v, respectively, throughout the monitoring period.

2.4 Experimental setup

In order to experimentally analyse and compare the attributes of fixed and rolling
reference forms of CWI and CWD for continuously evolving scattering properties,
acoustic monitoring of UCS tests on laboratory scale core samples is made, fig. 2.1.
For redundancy, one axial and two radially-mounted transducers acting as receivers-
RX, and one axially mounted source-TX transducer are attached to the surface of a
core sample. Transducers with a peak operating frequency of 1 or 2.25 MHz are used
depending on the experiment. To reduce the presence of noise, the stacking of 512
individual wavelets is made, resulting in a repeat measurement period dtpj−N of 15 s.
An axially increasing force F is applied to each core sample controlled by a constant
axial strain rate (∆L/Ldt) between 1.32 - 4 × 10−6 s−1. The applied force F and
total axial displacement are recorded every half second throughout monitoring up
until the sample experiences dynamic failure. The lithologies tested are Bentheimer
sandstone [Peksa et al., 2015] which has well-sorted grain sizes (180-320 µm) and
high porosity (21-27 %) and a poorly sorted (30-800 µm), zero primary porosity
granite sourced from Benin. A summary of the three core sample UCS experiments
is provided in table 2.1 along with the abbreviated sample names employed in this
work.
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Figure 2.1: Schematic representation of the UCS core test setup with active acoustic moni-
toring. An axially mounted MHz source (TX) with one axial and two radial receivers (RX)
monitoring the changes in scattering properties every ∆t for increasing load F and axial
deformation ∆L.

Table 2.1: Summary of the UCS tests core sample Length and Diameter, lithology, strain
rate, and acoustic source frequency.

L/D [mm] Lithology ∆L/Ldt [s−1] Src. [MHz]
BNT1 75.01/39.75 Bentheimer sandstone 4.0 × 10−6 1.0
BNT2 75.11/30.00 Bentheimer sandstone 4.0 × 10−6 1.0
GRA 75.70/29.80 Benin granite 1.3 × 10−6 2.25

2.5 CWI and CWD monitoring of an UCS test

Monitoring the evolution of a rock matrix towards dynamic failure with a wavelet
at the mesoscopic scale [Li et al., 1998; Heap and Faulkner , 2008; Barnhoorn et al.,
2010, 2018], is characterised by the continuous evolution of its wavefield propagation
properties. For an Unconfined Compressive Strength test this can be illustrated by
considering the different stages of material deformation as shown in fig. 2.2 for the
BNT1 core sample. Firstly, the initial closure of any existing fractures or pore-space
occurs. This is followed by the elastic deformation where a linear stiffening of the
rock matrix is expected. These first two stages represent in terms of eq. (2.2.6) a
general reduction in the total scattering cross-section σT and therefore g0 of the
medium, as the size and then impedance contrast of the fractures reduces. Finally,
the onset of inelastic deformation marks the beginning of fracture growth/formation
often termed the Fracture Initiation and Growth Threshold (FIGT). The growth and
addition of new fractures represents an irreversible increase in σT and number den-
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sity of fractures ρn respectively. Considering these changes in material scattering
properties over a typical UCS test, it becomes difficult to make the assumption of
a phase dominated or weak change in g0 necessary in order to apply either CWI or
CWD. Focusing first on the Coda-Wave Decorrelation method, in fig. 2.2 we com-
pare the sensitivity of a fixed KF ix versus a rolling KRoll reference decorrelation
coefficient to the stages of material deformation common to UCS tests. The KF ix

Kroll Kroll
sum Kfix Stress
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Figure 2.2: CWD monitoring (receiver 2) of BNT1. The mean fixed reference decorrelation
coefficient KF ix is compared with the rolling reference equivalent KRoll and its cumulative
sum KRoll

sum, calculated from 9 independent correlation windows. The KRoll trend is gener-
ated with a rolling lag equal to the repeat measurement period of 15 s (i.e. N = 1). The
shaded area represents the standard deviation about the mean decorrelation as calculated
from the 0.4 ms correlation windows shown over a single waveform.

coefficient shows a rapid increase over the first 0.025 % of axial strain, following
by a more gradual slope towards 0.7 at the onset of elastic deformation. For the
remainder of the USC test KF ix shows little sensitivity to the ongoing deformation,
with only a pronounced increase as dynamic failure occuring at 0.56 % axial strain.
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This indicates initial fracture closure represents a large perturbation in g0, though
after this point KF ix provides little informative value other then the knowledge
that some notable change occurred early on during the monitoring period. In com-
parison, KRoll which is related to the relative rate of change in g0 as described by
eq. (2.3.1) shows clearly identifiable trends segmenting each of the defined regions
of deformation.

• The initial 0.025 % of axial strain results in an increase in the rate of change
of decorrelation KRoll. This indicates an acceleration in dg0/dt (i.e. the
curvature or second derivative |g̈0| > 0) and therefore the rate of fracture
closure.

• This is followed by a gradual reduction in KRoll where |g̈0| > 0, indicating a
reducing rate of fracture closure as the rock matrix stiffens leading up to the
beginning of elastic deformation.

• The elastic deformation of the material is characterised by a constant, low
KRoll and therefore ġ0, where ¨|g0| = 0. Here a unit stiffening of the rock
matrix results in a proportional change in g0 .

• At the Fracture Initiation and Growth Threshold - FIGT inelastic deformation
occurs, which results in an increase in g0, where ġ0 and |g̈0| > 0. These changes
are reflected by initially a gradual and then steep increase in KRoll all the way
until dynamic failure. This initial gradual increase is possibly evidence of the
sub inelastic region of stable fracture growth before unstable growth continues,
noted in literature for crystalline and brittle rocks [Bieniawski, 1967].

In order to make a direct comparison with KF ix the scaled (0 − 1) average cumula-
tive summation of each correlation windows decorrelation coefficient (KRoll

sum) is also
provided. A general agreement is evident between KF ix and KRoll

sum as both show an
initial increase, stabilisation, and then final increase within the region of elastic de-
formation, however the latter clearly shows an improvement in its sensitivity to the
underlying perturbations. Most notably, KRoll

sum reflects the linear region of elastic
deformation as the applied constant strain rate results in a linear stiffening of the
medium (i.e. a change in σT ) and the transition to the non-linear region of elastic
fracturing. The smoothed appearance of KRoll

sum is a result of its calculation from
the average of each independent correlation windows cumulatively summed decor-
relation coefficient. In making a similar comparison for Coda-Wave Interferometry
monitoring of the BNT1 dataset, the differences in sensitivity between the fixed
and rolling reference relative velocity changes as determined by eq. (3.2.2) are com-
pared, see fig. 2.3. The fixed reference [δv/v]fix shows an initial coherent increase
in velocity in line with the Time Of Flight changes [δv/v]T OF derived from the first
arrivals, though after only the first 0.12 % of axial strain its trend appears inco-
herent. In contrast, the rolling reference derived cumulative summation [δv/v]roll

sum

curve tracks the [δv/v]T OF curve plateauing over the elastic region, before decaying
with increasing inelastic deformation. A maximum in [δv/v]roll

sum occurs at 22.8 MPa
whereas the [δv/v]T OF maximum occurs at 35 MPa. The initial increase in relative
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Figure 2.3: CWI monitoring (receiver RX2) of the BNT1 dataset. The mean fixed reference
[δv/v]fix relative velocity change is compared with the equivalent mean rolling reference
cumulative summation [δv/v]roll

sum (max: 28.9 MPa) for the 9 windows shown in fig. 2.2.
For comparison the Time Of Flight derived [δv/v]T OF (max: 35 MPa) is provided.

velocity is explained by acoustoelastic theory, while any subsequent reduction in
velocity occurs due to the formation of the first micro-cracks [Selleck et al., 1998;
Shah and Hirose, 2010]. The earlier reduction in [δv/v]roll

sum indicates the expected
improvement in sensitivity of CWI to these inelastic changes [Zhang et al., 2012b].
The presented [δv/v]roll

sum is the average relative velocity change determined from
each of the 9 correlation windows show in fig. 2.2, and for the purpose of this study
is only considered as a qualitative indicator of the materials velocity change.

In summary, when applying CWD the three stages of material deformation from
initial fracture closure, elastic deformation, and fracture growth are all reflected in
the KRoll and KRoll

sum trend lines, whereas it is difficult to find any clear segmentation
in the KF ix curve. The application of a rolling reference CWI derived [δv/v]roll

sum,
while not able to clearly segment each region of deformation does track the Time
Of Flight derived changes with improved sensitivity to the onset of inelastic defor-
mation, whereas the fixed reference [δv/v] does not.

2.6 Precursory identification of material yielding

Based on the presented ability of both KRoll and [δv/v]roll
sum to monitor deformation

of a rock matrix, we will now assess both methods sensitivity to the onset of inelastic
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deformation. The yield point of a material is often defined as the transition from
predominantly stable fracture growth to predominantly unstable fracture growth
[Bieniawski, 1967; Mogi, 2007], while others define it as the point the first micro-
fractures are formed [Elliott and Brown, 1986; Paterson and Wong, 2005]. There is
however, general consensus that the yield point can be identified on a stress/strain
diagram as the onset of non-linear behaviour which follows a linear elastic region.
This parameter is of critical importance in the prediction of dynamic material failure
as it signifies that permanent material deformation has begun. Typically, the yield
point from a UCS test would be determined by hand, though in order to remove some
of the ambiguity surrounding this, an automated search is made based on the method
described in appendix A.1. On the basis of this yield point, the precursory/subtle
detection capabilities of the CWD and CWI methods can be assessed.

For this purpose two additional UCS tests are made, on a repeat Bentheimer
(fig. 2.4 - BNT2) and Benin granite (fig. 2.5 - GRA) core sample. As with BNT1,
the indication of inelastic deformation (FIGT) is identified at the end of the trough
in KRoll as the rate of change in g0 increases. Similarly, the coda and [δv/v]T OF

inelastic indicators are identified at the onset of a reduction in velocity as the acous-
toelastic effect [Toupin and Bernstein, 1961] working to increase the velocity is over-
come by the formation of the first micro-fractures [Zhang et al., 2012b]. In order to
make a comparison between the different lithologies and datasets, each precursory
indicator is quoted in terms of the percentage of the yield stress at which it is found,
as presented in fig. 2.6.

For the Bentheimer sandstone samples (BNT1 and 2) the CWI cumulative rela-
tive velocity changes [δv/v]roll

sum indicate the onset of yielding at around 70 % of the
yield stress, where the CWD decorrelation coefficient KRoll begins to increase at
around 86 % of the yield stress. The GRA sample on the other-hand show KRoll as
providing the earliest indication of inelastic deformation at 66 % in comparison to
[δv/v]roll

sum at 89 % of yield stress. This may be a result of the differences in fractur-
ing behaviour between the well sorted quartz-rich, porous grains of the Bentheimer
sandstone and the poorly sorted non-porous grains of the Benin granite resulting in
reduced sensitivity of the velocity change at the onset of fracturing.

In all cases, the reference [δv/v]T OF show no precursory indicative power to
material yielding with the onset of decay occurring after the stress-strain identified
yield point. The lack of sensitivity of Time-Of-Flight changes to the classically
defined yield point which was also noted in the work by Barnhoorn et al. [2018].
Refer to the appendix A.1 for a description of the method applied to determine the
yield point.
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Figure 2.4: CWD and CWI monitoring of BNT2. The KRoll (FGIT: 22.5 MPa) and
[δv/v]roll

sum (max: 19.3 MPa) trends are generated with a rolling lag equal to the repeat
measurement period of 15 s (i.e. N = 1), calculated from the average of the 8 independent
0.04 ms correlation windows. For comparison the Time Of Flight derived [δv/v]T OF (max:
34 MPa) is provided.



2.6 Precursory identification of material yielding 23

Kroll [δv/v]roll
sum [δv/v]T OF Stress

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

0

0.2

0.4

0.6

0.8

1

Strain Ax. [%]

D
ec

or
re

la
tio

n
C

oe
ffi

ci
en

t
K

0

50

100

150

200

m
in

FGIT

max

max

Yield: 155.08 MPa

St
re

ss
[M

Pa
]

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

δv
/
v

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Time [ms]

Figure 2.5: CWD and CWI monitoring of GRA. The KRoll (FGIT: 101 MPa) trend is
generated with a repeat measurement period of 150 s (N = 10) from the average of the
10 independent, 0.013 ms correlation windows shown. The [δv/v]roll

sum (max: 138 MPa)
cumulative summation is made for N = 1. For comparison the Time Of Flight derived
[δv/v]T OF (max: 190 MPa) is provided.
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Figure 2.6: Comparison of the precursory indicators to the yield stress, determined from
the rolling reference integrated relative velocity changes [δv/v]roll

sum, the rolling reference
decorrelation coefficient KRoll, and the TOF derived relative velocity changes [δv/v]T OF .
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2.7 Discussion and conclusions

In this study, we have shown that by applying a rolling reference waveform in both
the CWI and CWD form, one is able to monitor the evolution of a material’s relative
velocity change and scattering coefficient where a large inelastic perturbation in its
scattering properties occurs. Furthermore, we demonstrate that both approaches
provide precursory indication of material yielding as determined from stress-strain
measurements. While these benefits have direct applications in terms of providing a
better understanding of rock properties in the laboratory, it is expected that such a
processing approach will enable a wider range of field scale monitoring applications.

In the structural concrete bending tests by Zhang et al. [2016] which applied fixed
reference CWI and CWD and the work by Larose et al. [2015] where only CWD
was applied the authors noted the increase in error of both relative velocity and
the decorrelation coefficient as inelastic deformation progressed. While this can be
easily overcome by the manual selection of a new reference point during monitoring,
we suggest that where the long term, continuously monitoring of both gradual, and
sudden inelastic changes is required a rolling reference is the preferred choice. In
terms of structural applications, this allows for the gradual long term monitoring
of micro-cracking which occur throughout the life of concrete while maintaining
sensitivity as an early warning to material failure. Furthermore, to the authors
knowledge all applications of CWD where notable inelastic deformation occurs have
been under a bending force resulting in localised micro-cracks [Paterson and Wong,
2005] where nucleation occurs within a region of tensile stress. As supported by the
current study where a homogenous compressional stress field is applied, the issue
of rapid decorrelation is likely to become more immediately evident where a more
homogeneously distributed fracture network forms.

An active source landslide or rockslide is an example of a near surface envi-
ronmental geophysics application, where long term monitoring for the purpose of
early warning detection to dynamic failure is required. Passive monitoring has been
shown to be sensitive to a continuous velocity change, prior to a fluid slippage event
[Mainsant et al., 2012], where a rapid reduction in rigidity within a liquefaction
region was identified as the mechanism for initial dislocation.

Pore-pressure driven reservoir compaction is a process which is by definition
controlled at the grain scale [Hol et al., 2015] with the first large scale induced
seismicity events often along existing faults occurring decades after the beginning
of production [Bourne et al., 2014; Van Thienen-Visser and Breunese, 2015]. An in
borehole active source continuous monitoring setup [Zoback et al., 2011], will perhaps
be able to identify both the gradual inelastic intergranular compaction [Pijnenburg
et al., 2018] as well as the onset of larger scale transgranular cracking which results
in surface subsidence [Pratt and Johnson, 1926; Sharp and Hill, 1995; Pijpers and
Van der Laan, 2016]. Where long term continuous monitoring is required it is
expected that rolling reference processing will help fulfill some of the criteria for
Early Warning System [Stähli et al., 2015; Michoud et al., 2013; UN/ISDR: Global,
2006], particularly in terms of the robustness, and autonomy of the system.

In the context of this study, the ability to determine the subtle onset of material
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yielding was possible with only the knowledge that loading occurs at a constant
strain rate, and in the absence of direct stress and strain measurements. Provided
the employed source produces wavelengths sensitive to the perturbations in scatter-
ing, sensitivity to the mentioned structural-health, landslide, and compaction related
monitoring is expected. While the feasibility of such applications requires additional
investigation they can all be generalised as monitoring scenarios where both high
rate-of-change and long-term transient changes in material scattering properties are
of concern. It is therefore suggested that with an approximate knowledge of the un-
derlying direction and type of perturbation, rolling reference coda based monitoring
can be a useful addition to the mentioned Early Warning Systems as well as the
long term monitoring of a materials scattering properties.
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Coda-Wave based monitoring of
pore-pressure depletion-driven
compaction of Slochteren Sandstone
samples from the Groningen gas field

Abstract Pore-pressure depletion in sandstone reservoirs is well known to cause
both elastic and inelastic compaction, often resulting in notable surface subsidence
and induced seismicity. Recent studies indicate that in such cases inelastic strain,
which is often neglected in geomechanical models, represents a significant proportion
of the total strain throughout reservoir production. While there has been consid-
erable effort to quantify the proportion of continuous inelastic deformation from
the mechanical response of laboratory samples, there has been little focus to date
on the associated acoustic response throughout compaction. With this in mind,
we employ three coda-wave based processing methods for the active source moni-
toring of ultrasonic velocity, scattering power, and intrinsic/scattering attenuation
during the pore-pressure depletion of core samples from the Slochteren sandstone
reservoir in the Groningen gas field (the Netherlands). Our results corroborate pre-
vious studies suggesting that initially, inelastic deformation occurs primarily along
intergranular boundaries, with intergranular cracking developing towards the end of
depletion and particularly for the highest porosity samples. Furthermore, analysis
of Biot-type intrinsic attenuation indicates that this compaction occurs in several
stages of predominately intergranular closure, transitioning into primarily inter-
granular slip/cracking, and eventually porosity-dependent intragranular cracking.

Submitted: Zotz-Wilson, R., Filippidou, N., Van Der Linden, A. ,Verberne, B. A., Barn-
hoorn, A.,(2019), Coda-Wave Based Monitoring of Pore-Pressure Depletion-driven Compaction of
Slochteren Sandstone Samples from the Groningen Gas Field, Under Review - Journal of Geophys-
ical Research - Solid Earth.
Note that minor changes have been introduced to make the text consistent with the other chapters.
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We demonstrate how this segmentation of pore-pressure driven compaction can be
used to characterise differences in sample properties, and monitor the evolution
of microstructural inelastic deformation throughout depletion. We further discuss
the feasibility of in/cross-borehole monitoring of reservoir compaction, for both im-
proved geo-mechanical modelling and early warning detection of induced seismicity.
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3.1 Introduction

The continued production and resulting pore-pressure (PP ) depletion of in-situ
reservoir fluid from sandstone reservoirs often results in induced seismicity [David
et al., 2012; Grasso, 1992; Segall and Fitzgerald, 1998; Suckale, 2009; Van Eijs
et al., 2006], and field wide surface subsidence [Pratt and Johnson, 1926; Sharp and
Hill, 1995; Fialko and Simons, 2000; Morton et al., 2006; Van Wees et al., 2014].
The driver for both the observable surface movement and induced seismicity is the
increase in effective stress [Zoback, 2007]. The Groningen gas field located in the
NE Netherlands has experienced several large seismic events since the beginning
of production in 1963, resulting in damage to buildings and infrastructure [Van
Thienen-Visser and Breunese, 2015], as well as notable surface subsidence [Van
Thienen-Visser and Fokker , 2017]. Since the early 1970s, the primary measurement
tool for reservoir compaction has been the monitoring of in-borehole radioactive
depth markers [Mobach and Gussinklo, 1994]. This method is sensitive only to
near borehole compaction, and requires repeat logging surveys over the reservoir,
currently repeated every 5 years [Doornhof et al., 2006]. Recently, an attempt was
made to improve the timeliness of such in-borehole compaction data with the trial
of Distributed Strain Sensing (DSS) technology [Cannon and Kole, 2017], enabling
continuous monitoring of compaction. While the system represents an improvement
in sensitivity, timeliness, and coverage if eventually deployed field-wide, it remains
a near-borehole measurement.

Surface subsidence data in Groningen, resulting from both reservoir and overbur-
den compaction, is acquired from optical levelling and Permanent Scatterer Interfer-
ometric Synthetic Aperture Radar (PS-InSAR). In comparison to optical levelling
which requires successive field campaigns, PS-InSAR represents improved timeli-
ness and spatial coverage of surface subsidence data [Doornhof et al., 2006], though
it is still limited by the density of Permanent Scatterers. Considering the current
state of both subsidence and reservoir compaction monitoring, the available data
represents insufficient timeliness and coverage to be used as an early warning sys-
tem to induced seismicity [UN/ISDR: Global, 2006]. Alternatively, both the com-
paction and surface subsidence measurements as detailed above are used as input to
reservoir compaction models [Mossop, 2012; Den Haan, 1994; De Waal, 1986]. In
combination with history matching with production flow rates and pressure data,
such models are developed to provide both a spatial estimate of future compaction
and the associated uncertainty [Van Thienen-Visser and Fokker , 2017]. Within
such models, laboratory experiments conducted at in-situ conditions simulating the
reservoir provide a crucial data source to better constrain the modelling [De Waal,
1986; Pruiksma et al., 2015]. Recent experiments by Hol et al. (2018) and Pijnen-
burg et al. (2018, 2019) demonstrate the important role of inelastic deformation
occurring at low strains, during compaction of Slochteren sandstone recovered from
the Groningen field. As pointed out by Pijnenburg et al. (2019), the often ignored
inelastic component of compaction at low strains may play a major role in geome-
chanical models describing reservoir compaction, induced subsidence and seismicity
[Mulders, 2003; Van Eijs et al., 2006; Bourne et al., 2014; Lele et al., 2016; Wass-
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ing, 2015; Dempsey and Suckale, 2017; Zbinden et al., 2017] . However, the issue of
upscaling, i.e., how best to extrapolate laboratory scale results to field-scale models,
remains [Spiers et al., 2017].

In an effort to improve both the understanding of low strain compaction, and
how best to extrapolate from the grain scale, we employ three active source coda-
wave based geophysical monitoring methods to Slochteren sandstone well-bore core
samples, subjected to pore-pressure depletion. The methods applied are Coda-Wave
Interferometry - CWI for velocity, Coda-Wave Decorrelation - CWD for scattering
power, and Multi-Lapse Time Window Analysis - MLTWA for attenuation moni-
toring. Each method is applied throughout both continuous and multi-cycle Uni-
axial Pore Pressure Depletion (UPPD) protocols [Dudley et al., 2016], from the
pre-production value of 35 MPa down to 3 MPa. The capabilities of each method in
informing on the process of reservoir compaction, as controlled at the grain boundary
by intergranular re-arrangement [Bernabé et al., 1994; Menéndez et al., 1996; Pijnen-
burg et al., 2018] or intragranular/transgranular cracking [Brantut et al., 2013; Baud
et al., 2004; Heap et al., 2009, 2015; Brantut et al., 2013] are discussed. Our results
not only corroborate the conclusions of Hol et al. [2018a]; Pijnenburg et al. [2018,
2019], that inelastic strain in the Slochteren sandstone occurs in the early stages
of depletion, but imply that compaction represents a serial process which may be
segmented into stages of predominantly intergranular closure followed by predomi-
nantly intergranular slip/ intragranular cracking. We summarize these findings us-
ing a new conceptual model for the grain scale mechanisms controlling compaction,
and discuss the geomechanical implications of our work, including for field-based
monitoring of reservoir compaction using the coda-wave.

3.2 Materials and methods

3.2.1 Slochteren sandstone samples and characterisation

The Slochteren sandstone within the Groningen gas field in the Netherlands lies
at approximately 3 km depth and has a thickness of 100 to 200 m. As a result of
the nearly 55 years of production, the pore pressure has decreased from 35 MPa to
∼8 MPa [NAM , 2013, 2016a], with the gas water contact within the field ranging
from 50 to 150 m from the top of the reservoir [NAM , 2013]. In July 2015, ∼200 m
of 3.5 inch (89 mm) diameter core was extracted from the ZRP-3a test well, located
in the centre of the Groningen gas field, which included sections of underburden,
reservoir, and caprock. At the time of coring, the reservoir pressure was approxi-
mately 10 MPa [van Eijs, 2015]. With the aid of computerised X-ray tomography
suitable samples were selected at random intervals within a True Vertical Depth
(TVD) range of 3530 to 3667 m. In the present study we analyse core samples from
a subset of this range between TVD 3632.94 and 3562.08 m, and porosity between
19.2 and 29.6 %, which is representative of the average values in the centre of the
reservoir between 18 and 22 % [NAM , 2016b].

A total of four separate core series (123, 134, 133 and 137) are tested, from which
three to five plugs of length/diameter 2/1 inch (50/25 mm) or 3/1.5 inch (76/38 mm)
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Table 3.1: Summary of the Pore-Pressure Depletion test samples and experimental param-
eters.

Depl. rate Length Diameter Type
MPa h−1 [mm] [mm]

123AV 0.6 50.2 24.8 UPPD-MC3
123BV 0.6 50.3 24.8 UPPD-MC2
123DV 0.6 50.1 24.7 UPPD-MC3 AE
133BV 2.5 74.5 37.5 UPPD
137AV 0.6 75.8 38.0 UPPD-MC3
137BV 0.6 75.7 37.9 UPPD
134BV 0.6 75.8 37.33 UPPD

The depletion rate in MPa h−1 refers to the effective depletion
rate from beginning to the end of the experiment, while the
instantaneous depletion rate of 2.5 MPa h−1 is the same for all
UPPD-MC tests. Type defines the experimental protocol under-
taken, either Uniaxial strain Pore-Pressure Depletion UPPD or
the UPPD-Multi Cycle protocol for 1, 2, or 3 stages of cyclical
loading. The type AE defines Acoustic Emissions testing where
no active source data was acquired.

(labeled A,B,...,E) are extracted parallel (’V’) to the core axis, see table 3.1. Visual
inspection of all plugs showed that they are microstructurally relatively homoge-
neous on the mm- to cm-scales. To avoid any geochemical changes a synthetic brine
matching the in-situ pore-fluid was used during both storage and the subsequent
depletion experiments. One plug from each series was used to measure sample poros-
ity by immersion (Hg, Chloroform), and permeability to N2 at a constant confining
pressure of 2.75 MPa. The remaining core material from each 3.5 inch diameter
core is used to conduct laser particle size analysis, where the mean grain size ranges
from 139.9 to 258.6 µm and sorting from 3.17 to 3.6 [Blott and Pye, 2001]. Further-
more, X-ray Diffraction (XRD) analysis was performed on plugs taken from each of
the core series, with the quartz fraction ranging from 62 to 76 % and clay content
from 8 to 15 %, see table 3.2 for greater detail on the mineral composition of each
sample. In the study by Hol et al. [2018a] it is suggested that inelastic compaction
of the Slochteren sandstone is dominantly controlled by porosity, the skewness of
the grain size distribution, and the fraction of weak mineralization, while various
studies [Borg et al., 1960; Brzesowsky et al., 2014, 2011; Hangx et al., 2010] indicate
the strength of sandstone grains increases with grain size. Therefore, we present the
micro-structural characterization of each core plug primarily in terms of these four
quantities (see table 3.2). An inferred ’strong’ rock matrix contains a relatively high
proportion of large quartz grains (quartz fraction), with fines between these grains
(large negative skewness of particle size distribution) consisting of stronger miner-
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als (plagioclase, illite, and mica), and a relatively low porosity. The inferred weak
equivalent contains a high porosity with abundant weak K-feldspar (Kfs) (leached),
dolomite (dol), kaolinite (Kao) and chlorite (chl) minerals, and a low proportion
of fines between small grains. Considering each core in order of lowest to highest
porosity, the 137 series at 19.2 % is characterised as very coarse, silty, medium sand
with a high fraction (19 %BW) of weak minerals (Kfs(leached)+dol+kao+chl, Hol
et al. [2018a]) and a low proportion of fine grain skewness (Skg = −2.22). While
all samples fall within the poorly sorted range (σg : 2.0 to 4.0 ), this sample is the
least well sorted (σg = 3.59). The 123 series has a porosity of 24.7 % and is slightly
better sorted (σg = 3.28) with moderate fraction of weak minerals (14 %BW), with
a greater fine grain skewness (Skg = −2.26). The 133 series is weakened by its high
porosity (28.0 %), fine grains and low fine grain skewness (Skg = −2.17), though
strengthened by a low fraction of weak minerals. The 134 series has an even higher
porosity (29.6 %) with the same low fraction of weak minerals, though it has the
highest fine grain skewness (Skg = −2.29) and largest average grain size. A notable
difference between this core sample and the other high porosity sample is that it
exhibits more than three times the permeability (351 mD vs 96.9 mD) despite having
a larger proportion of fine grain material (i.e. negative skewness).

3.2.2 Experimental conditions and procedure

Active source ultrasonic waveform data is recorded during both continuous linear
and cyclical pore-pressure depletion, from the initial pre-depletion reservoir pressure
of 35 MPa down to a maximum depletion of 3 MPa. Following the International So-
ciety of Rock Mechanics (ISRM), we employ the Uniaxial Strain Pore Pressure De-
pletion (UPPD) protocol [Dudley et al., 2016] to simulate the mechanical response
of sandstone reservoirs subject to gas production. The cyclical pore-pressure exper-
iments referred to as UPPD-Multi Cycle are depleted at an instantaneous depletion
rate of 2.5 MPa h−1 during intervals of cyclical loading, though an effective rate of
0.6 MPa h−1 depletion is maintained between these intervals. This modified UPPD
protocol was devised to resolve the contribution of inelastic strain to the total strain
per depletion step [Hol et al., 2018a], where one (30 to 25 MPa), two (19 to 14 MPa)
and three (8 to 3 MPa) step cyclical movements in pore-pressure are implemented,
each consisting of three cycles with an amplitude of 5 MPa. All experiments are
performed within the same type of pressure cell as depicted in fig. 3.1, in which
simultaneous measurements of both mechanical and acoustic data are made. The
pore-pressure is controlled on the uniaxial strain boundary condition. The active
source acoustic data acquisition is performed using ultrasonic transducers at a peak
operating frequency of 800 kHz as source and receiver. Noise averaging of 100 repeat
measurements is performed for each measurement period dtpj−1 , with a sampling
frequency of 20 MHz, resulting in a single waveform of 10 000 samples or 0.5 ms in
length. The repeat measurement period dtpj−1 is changed depending on the experi-
mentation length and rate of depletion from 1, 3 or 5 min, while all other mechanical
data are acquired every 0.5 s. Where Acoustic Emissions (AE) monitoring is per-
formed, the IMaGE Cecchi data acquisition system is used with 100 to 1000 kHz
frequency range operating at a detection threshold of 20 %.
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Source

Receiver

Axial Pressure

Pore Pressure

Radial Pressure

Sample + sleeve

Axial Displacement

Radial Displacement

Figure 3.1: Schematic representation of the triaxial pressure vessel. The elastomer covered
sample is housed within the main pressure vessel which controls the radial pressure, while
the pore-pressure is controlled by the inlet and outlet lines at either end of the sample. The
axial pressure is controlled by a hydraulically-driven piston. Piezo-electric transducers,
operating as source or receivers for the acquisition of acoustic data are separated from the
axial ends of the test sample by stainless steel.

3.2.3 Coda-Wave analysis methods

The coda or diffuse portion of a scattered wavefield is known for its order of magni-
tude sensitivity gain to changes in wavefield propagation, compared to the coherent
first arrivals. The phenomenological study of the coda wave in terms of the solid
earth was first provided by Aki and Chouet [1975]. Since then there have been
several approaches suggested for the practical analysis of the complex structure of
these highly scattered wavefields [Kopnichev, 1975; Sato, 1977a; Wu, 1982; Poupinet
et al., 1984]. In this work, we apply three such methods with an active ultrasonic
source in order to monitor pore-pressure driven compaction. In the following de-
scription of the theory the term "scatterers" is used to describe local inhomogeneities
in microstructure, such as grain boundaries, intra, inter and transgranular fractures.
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Furthermore, for the CWI and CWD methods a rolling-reference comparison is made
between the current and past recorded wavefields, to maintain constant sensitivity
to changes in material properties [Zotz-Wilson et al., 2019]. For this, we define the
most recently acquired monitoring wavefield as upj

(t) and a previously recorded
wavefield upj−N

(t) recorded N measurement steps in the past.

Coda-Wave Interferometry

The method of Coda-Wave Interferometry (CWI) [Snieder et al., 2002] monitors
the velocity change between two recorded wavefields. This comparison is made by
determining the lag ts which produces the maximum time shifted cross-correlation
coefficient between two wavefields as,

CC(ts) =
∫ tk+tw

tk−tw
upj−N

(t)upj (t + ts)dt[ ∫ tk+tw

tk−tw
u2

pj−N
(t)dt

∫ tk+tw

tk−tw
u2

pj
(t)dt

]1/2 . (3.2.1)

for a time window of width 2tw within the coda centred at tk. The correlation lag
ts between upj−N

(t) and upj (t) corresponds to the average travel time perturbation
⟨τ⟩, which allows the velocity change to be determined to a first order approximation
as,

δv

v
= −⟨τ⟩

tk
. (3.2.2)

Each incremental change determined from eqs. (3.2.1) and (3.2.2) is then cumula-
tively added to the previous, thereby tracking relative velocity changes derived from
the coda dv/v

coda throughout the monitoring period.

Coda-Wave Decorrelation

A scattering material can be described by the parameters of total scattering cross-
section σT representing the scattering power of a single scatterer, and the number
density of scatterers ρn within the medium [Aki and Chouet, 1975]. The total
scattering coefficient of a material is then given by,

g0 = ρnσT ≡ l∗−1, (3.2.3)

where l∗ is the mean free path, representative of the average distance between the
scatterers. Coda-Wave Decorrelation (CWD) relates a change in the decorrelation
coefficient K(ts) = 1 − CC(ts) as determined by eq. (3.2.1) to a change in g0.
While the original formulation of CWD was developed in order to spatially locate
changes in scattering within a medium [Rossetto et al., 2011; Larose et al., 2010], in
the present study we assume a homogeneous perturbation in g0 between perturbed
and unperturbed (p and u) material states. Under this assumption the theoretical
decorrelation coefficient KT (t) can be given as,

KT (t) = V0

2
t
∣∣∆g0p−u

∣∣ , (3.2.4)
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where t defines the time within the coda-wave and V0 is the background velocity.
Therefore a change in the number of scatterers ρn or their scattering power σT (e.g.
size or impedance contrast), will result in an increase in the decorrelation coefficient
between the two material states. In other words, the greater the difference between
the two material states in terms of scattering properties, the greater the resulting
decorrelation coefficient will be. Due to the use of a rolling reference comparison
in eq. (3.2.1), the measured decorrelation coefficient K(ts) throughout monitoring
reflects changes in the absolute || value of the rate of change in the scattering
coefficient ġ0 [Zotz-Wilson et al., 2019] or |ġ0|.

Multi-Lapse Time Window Analysis

The attenuation of a propagating wavefield is a necessary quantity to fully describe
the evolution of energy density within the coda-wave. On a field-scale, the study of
the underlying mechanisms controlling this quantity has often been driven by the
desire to map attenuation within different regions [Roecker et al., 1982; Yoshimoto
et al., 1993, 1998; Mayeda et al., 1992], or in a laboratory to parameterise sedimen-
tary rocks for resource exploration [Mavko et al., 1979; Toksoz and Johnston, 1981].
The total measurable attenuation Q−1 or inverse quality factor can be defined as,

Q−1 = IQ−1 + ScQ−1, (3.2.5)

where IQ−1 is the intrinsic attenuation representing the conversion of vibration
energy from the wavefield to heat. Many of the proposed mechanisms by which IQ−1

occurs are based on observations at the microscopic scale structure of porous media.
This conversion of energy from particle velocity can take place for example due to
frictional sliding on the surfaces of thin cracks [Walsh, 1966], or due to the viscous
movement of liquid through cracks or pore throats [Walsh, 1969]. Unlike intrinsic
attenuation, the scattering ScQ−1 does not remove energy from the wavefield but
redistributes it within the medium. This redistribution of energy is expected to
reach a maximum where the product of the scatterer radius a1 and the dominant
wavenumber k0 reach one (a1k0 = 1), or more generally the dominant wavelength is
on the same order of the dimension of the crack/scatterer [Kawahara et al., 2009].
For an angular frequency ω, ScQ−1 is related to the material’s scattering coefficient
g0 and seismic velocity V0 by,

ScQ−1 = V0g0

ω
. (3.2.6)

The theoretical description provided in the work by Wu [1985] demonstrates that the
energy density distribution within a scattered wavefield can be related to the relative
proportion of these two components which make up a material’s total Q−1. While
several methods have been proposed to determine the proportion of IQ−1 and ScQ−1

from recorded seismograms [Aki, 1980; Frankel and Wennerberg, 1987; Jacobson,
1987], for the purpose of the present study we make use of the Multiple Lapse-
Time Window Analysis MLTWA method introduced by Fehler et al. [1992], which
is commonly applied in seismology. As the name suggests this approach is based
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on the relative variation of energy density within different time-windows, where the
early portion of an S-wave is dominated by the total attenuation of the medium,
while the coda consists of scattered S-waves whose amplitude is controlled by the
total scattering coefficient g0. As MLTWA is traditionally applied to seismological
applications [Rachman et al., 2017; Del Pezzo et al., 2011; Rachman et al., 2015;
Chung et al., 2018; Abdel-Fattah et al., 2008; Rachman et al., 2017; Mayeda et al.,
1992], it is formulated in terms of increasing distance from a source, as the goal is to
spatially map the attenuative properties (proportion of IQ−1 and ScQ−1) within a
region. However, in the context of monitoring we consider the changes in attenuation
over time, for a fixed location. Maintaining the notation of Fehler et al. [1992] we
define an early time-window over the onset of the shear wave arrival, and a late time
window over the coda where E1 and E3 define the total energy within the respective
time windows. The ratio R1 can then be defined as,

R1(tpj
) = log10

[
E3(tpj )
E1(tpj

)

]
(3.2.7)

which is dominantly affected by changes in the scattering attenuation ScQ−1 within
each wavefield acquired at some time tpj

. For example, an increase in the energy
within the coda (E3(tpj

)) in relation to the coherent arrivals captures an increase
in ScQ−1 as more of the coherent energy is scattered into the coda. Note that this
ratio is the inverse of that applied in seismological applications as in the laboratory
environment the radial surface of the test sample is immersed in fluid, and therefore
much of the energy is reflected at the sample boundaries. In other words, the scat-
tered energy is mostly trapped within, therefore an increase in scattering power of
the medium increases rather then decreases the coda energy density at the receiver.
The change in a second ratio R2 defined as,

R2(tpj
) = log10

[
E1(tp0)
E1(tpj

)

]
, (3.2.8)

is dominated by the change in total attenuation Q−1 experience by the wavefield,
as referenced to the beginning of monitoring at time tp0 . The increase in the energy
within window E1 at time tpj in relation to that at time tp0 represents a decrease in
the materials total attenuation coefficient Q−1. In other words, an increase in the
coherent energy can be attributed to both a reduction in the proportion intrinsically
absorbed (IQ−1), and the proportion scattered into the coda (ScQ−1). Typically
the ratios R1 and R2 are subsequently matched to either radiative transfer theory
[Hoshiba, 1991; Fehler et al., 1992] or numerically modelled seismograms [Bianco
et al., 2005; Hoshiba, 1995, 1997; Hoshiba et al., 2001], thereby allowing for the
quantitative characterisation of the attenuation ScQ−1 and IQ−1. However, as the
current work is only concerned with monitoring the relative changes in these prop-
erties over time, and to derive insight from this information, we forgo the additional
complexity and computational effort of applying a Monte Carlo type simulation.
From this simplification, we define

∆R1(tpj
) = R1(tpj

) − R1(tpj=0) ≈ ∆ScQ−1(tpj
), (3.2.9)
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and
∆R2(tpj

) = R2(tpj
) − R2(tpj=0) ≈ ∆Q−1(tpj

). (3.2.10)

From eqs. (3.2.5), (3.2.9) and (3.2.10) ∆IQ−1 is determined as

∆IQ−1(tpj
) = ∆Q−1(tpj

) − ∆ScQ−1(tpj
). (3.2.11)

In summary, from the application of MLTWA theory we derive parameters track-
ing the relative changes in Q−1, ScQ−1, and IQ−1 determined directly from the
measured waveforms during monitoring.

3.3 Microstructural analysis methods

Samples from core interval 123, table 3.2, recovered from experiments conducted
using 2 and 3 depletion cycles, as well as a virgin sample which was not deformed
in the laboratory, were used to prepare polished sections (2.5 cm x 5 cm) for inves-
tigation of the grain scale microstructure. The samples were resin-impregnated, cut
along a direction parallel to the direction of coring and axial compression, and then
polished to ∼1 mm thickness. Section-scale mosaics of backscattered electron (BSE)
micrographs were prepared using a FEI Helios Nanolab G3 scanning electron micro-
scope, employing an acceleration voltage of 10 kV, beam current of 1.6 nA, and a
working distance of 4 mm. Mosaic stitching was achieved using the plugin developed
by Preibisch et al. [2009], for the open-source, Java-based image processing software
"ImageJ", Schindelin et al. [2012]. Using each section-scale mosaic we defined sub-
sections spanning the upper, middle, and lower parts of the sample, each measuring
80 to 170 mm2 in size. Each subsection was used for mapping of intragranular cracks,
broadly following the approach described by Verberne and Spiers [2017]. Cracks are
identified as lineaments of black pixels within a single grain (Fig. 1), traced using an
Wacom Intuos Pro pen tablet connected to ImageJ. In this method, the projected
2D crack length and curvature are reasonably accurately identified. Crack width,
on the other hand, is in the majority of cases impossible to resolve using the present
micrographs (fig. 3.2). Branching cracks and cracks in multiply fractured grains
are counted individually. Crack mapping was performed by 3 different individuals
who were unaware of sample origin, and several maps or portions thereof have been
reinterpreted to check reproduction. This revealed an error of ±15 % to the number
of cracks in each map (Ncr), which is mainly caused by interpretative ambiguities
on the nature and identification of an intragranular alignment of black pixels. The
crack density (ρcr) is calculated using ρcr = Ncr/Amap(1 − ϕ), where Amap is the
area of the BSE mosaic used for preparing the crack map overlay, and ϕ is the pore
area determined using an Otsu-threshold [Otsu, 1979; Verberne and Spiers, 2017].
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Figure 3.2: Examples of cracks identified in each map.

3.4 Results

Firstly we present results from coda-derived monitoring methods for two UPPD
experiments performed at different rates of depletion. This is then followed by
results from the UPPD-Multi-Cycle experiments, including the Acoustic Emissions
(AE) data set on a single core series. Finally, we compare the microstructural
characteristics of each sample with the UPPD, UPPD-MC, and AE data.

3.4.1 Continuous depletion

The continuous depletion from the pressure of 35 MPa at a rate of 0.6 MPa h−1

takes approximately 55 h until the maximum depletion of 3 MPa is reached. Con-
sidering firstly the CWI derived relative velocity changes dv/v

coda for sample 137BV
(fig. 3.3.b), we note the acoustoelastic [Toupin and Bernstein, 1961] increase with
effective stress up until 25 h, after which a reduction in the rate of increase occurs,
which is typically associated with the increased prevalence of inelastic deformation
(micro-cracks) working to dampen the elastic increase [Zhang et al., 2012b; Selleck
et al., 1998; Shah and Hirose, 2010]. Aside from this point of departure from a linear
purely acoustoelastic behaviour, no additional trends are evident in these data. In
comparison, the Coda Wave Decorrelation coefficient K(|ġ0|) and MLTWA derived
attenuative properties (∆ ScQ−1, ∆Q−1, and ∆ IQ−1) all show varying trends which
are either negatively or positively correlated with the reduction in pore-pressure, see
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Figure 3.3: The 137BV 19.2 % porosity sample depleted at 0.6 MPa h−1 with the UPPD
protocol. a) Monitoring of the decorrelation coefficient K(|ġ0|) with a reference lag of
50 min and the relative changes in attenuative coefficients ∆Q−1, ∆ ScQ−1, and ∆ IQ−1.
b) The CWI derived relative velocity changes dv/vcoda are compared with the axial strain.
c) Acquired waveform showing the 0.1 ms E1 and 0.25 ms E3 windows.
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fig. 3.3.a. Using increasing or decreasing ∆ IQ−1 (positive or negative covariance) as
boundary criteria, we identify 7 stages of pore pressure-depletion driven compaction;

[1] The initial reduction in pore-pressure (PP ) results in an increase in ∆ IQ−1

while ∆Q−1 and ∆ ScQ−1 reduce. These changes occur in line with an increase
in decorrelation K(|ġ0|).

[2] The first stage of reducing ∆ IQ−1 occurs at 28.8 MPa as ∆ ScQ−1 increases
while ∆Q−1 continues to reduce. These attenuative changes occur in line with
a reduction in K(|ġ0|).

[3] The second region of increasing ∆ IQ−1 occurs at 22.3 MPa as both ∆ ScQ−1

and ∆Q−1 decrease, again coinciding with an increase in K(|ġ0|).

[4] The second region of reducing ∆ IQ−1 begins at 18.1 MPa, where the slope
in ∆ ScQ−1 reduces, while ∆Q−1 maintains a near-constant rate of reduction.
There is an increase in K(|ġ0|) for approximately two-thirds of this stage,
followed by a gradual reduction.

[5] A slight increase ∆ IQ−1 occurs, with the continued reduction in the total
and scattering attenuation coefficients. The decorrelation coefficient K(|ġ0|)
continues its reduction within this stage.

[6] At the transition with the previous stage we note an increase in the rate of
axial strain occurs (see fig. 3.3.b), followed by fluctuations in K(|ġ0|), which
are also observed in ∆Q−1 and ∆ IQ−1. For the remainder of this stage a
slight reduction in ∆ IQ−1, and a slight increase in ∆ ScQ−1 occurs. Within
this region the PP drops below that at the time of coring (∼10 MPa).

[7] The final region of very slightly increasing ∆ IQ−1 occurs up until maximum
depletion at 3 MPa, as ∆ ScQ−1 and ∆Q−1 decrease.

In summary, the continuous linear depletion protocol UPPD for sample 137BV is
segmented into regions of increasing and decreasing ∆ IQ−1. We also note a grad-
ual reduction in the average ∆ IQ−1 within each stage, and an overall reduction
compared with the pre-depletion state. While the scattering attenuation ∆ ScQ−1

does increase during stages 2 and 5, it follows the general reduction of ∆Q−1. Un-
like all other tests, due to a temporary failure of the pore-pressure line during the
build up stage this sample was exposed to effective stress above reservoir conditions
at the time of coring. Considering now the 29.6 % porosity 134BV sample which
was depleted at a rate of 0.6 MPa h−1 (see, fig. 3.4) a similar segmentation into,
in this case nine stages of increasing or decreasing ∆ IQ−1 is possible. The total
Q−1 and scattering ScQ−1 attenuation indicators show a continued reduction up
until ∼10 MPa. However, in contrast with sample 137BV, Q−1 and ScQ−1 begin to
stabilise and then increase as maximum depletion approaches. Another difference is
that a region of creep in terms of the materials attenuative properties is identified
during ∼40 h of constant PP after maximum depletion. This region of creep also
shows a single large increase in K(|ġ0|) for ∼2 h commencing at ∼84 h. This sudden
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Figure 3.4: The 134BV 29.6 % porosity sample depleted at 0.6 MPa h−1 with the UPPD
protocol. a) Monitoring of the decorrelation coefficient K(|ġ0|) with a reference lag of
50 min and the relative changes in attenuative coefficients ∆Q−1, ∆ ScQ−1, and ∆ IQ−1.
b) The CWI derived relative velocity change dv/vcoda are compared with the axial strain.
c) Acquired waveform showing the 0.1 ms E1 and 0.25 ms E3 windows.
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change is also identifiable by a sudden increase in ∆ IQ−1 and the axial strain, while
a decrease is noted for ∆dv/v

coda, ∆Q−1, and ∆ ScQ−1. This test resulted in an
overall increase, not a decrease in ∆ IQ−1 compared with the pre-depleted state.
Furthermore, in contrast to sample 137BV, the relative velocity changes identified
from the coda follow the trend of the axial strain profile throughout the depletion,
though not during the region of creep, where it remains mostly constant. A third
experiment using sample 133BV, of 28 % porosity, depleted at 2.5 MPa h−1, showed
ten compaction stages (fig. 3.5). In contrast with sample 134BV, a total increase in
IQ−1 occurs only after (∼7 h) of creep following the completion of the depletion pro-
tocol. No notable increases in ∆ ScQ−1 occurs during this creep stage. The increase
in the decorrelation coefficient K(|ġ0|), which results from the increased depletion
rate is evident, moving from an average of ∼0.03 for 134BV to ∼0.14. Furthermore,
the PP at the transitions between stages for sample 137BV is consistently lower
than noted for the higher porosity samples (134 BV and 133BV). In summary, aside
from the above-stated differences, all three samples (137BV, and 134/133BV) show
segmentation based on IQ−1, and a total reduction in ∆ ScQ−1 and Q−1 compared
with their pre-depletion state.

3.4.2 Cyclical depletion

Now that we have established the signature of pore-pressure driven compaction for
a linear profile, the effects of cyclical loading on the acoustic response are consid-
ered. The modified UPPD-Multi-Cycle protocol was initially devised to study the
proportion of total to elastic strain [Hol et al., 2018a], though for this study we
focus on its relationship with coda derived parameters ScQ−1, IQ−1, K(|ġ0|), and
dv/v

coda. Considering sample 123AV in fig. 3.6, a total of four stages are identified
as segmented by the covariance of ∆ IQ−1 with PP , with no observable creep after
maximum depletion. The decorrelation coefficient K(|ġ0|) reflects the changes in
PP , averaging 0.09 during the first three stages. As virgin pore-pressure is reached
(PP < ∼10 MPa) an increase to K(|ġ0|) ≈ 0.20 occurs during the transition from
stage three to four. As with the UPPD tests the relative velocity changes dv/v

coda

reflect the profile of axial strain. To assess the significance of stage transitions in
terms of Acoustic Emissions (AE), passive monitoring was performed during a full
UPPD-MC protocol on a sister plug from the 123 core series (fig. 3.7). We note
that large increases in the AE rate occur at 28, 21 and 8 MPa, which coincide
with the stage transitions (1-2, 2-3, and 3-4) identified on the sister plug 123AV
(see fig. 3.6). Furthermore, the rate of AE increase over these three regions from
12 counts/h to 23 counts/h, and then as virgin PP is reached to 25 counts/h. This
point also coincides with an increase in the counts per axial strain from 100 counts
per 1 × 10−3 strain to 300 counts per 1 × 10−3 strain. During the Multi-Cycle re-
gions, and particularly at the turnaround between decreasing and increasing pore-
pressure, smaller scale increases in the AE rate are also observed.



44
Coda-Wave based monitoring of pore-pressure depletion-driven compaction of Slochteren Sandstone

samples from the Groningen gas field

St
ag

e
1

2 3 4 5 6 7 8 9 10 Creep
0.00

0.05

0.10

0.15

0.20

K

(a)

K| 50 min lag
P P

∆ScQ−1

∆IQ−1

∆Q−1

5

10

15

20

25

30

35

Po
re

Pr
es

su
re

[M
Pa

]

−0.50

−0.40

−0.30

−0.20

−0.10

0.00

0.10

0.20

R
el

at
iv

e
En

er
gy

0 2 4 6 8 10 12 14 16 18 20
0.00

0.20

0.40

0.60

0.80

1.00
·10−2

Hours

R
el

at
iv

e
Ve

lo
ci

ty
C

ha
ng

e (b)

0

5

10

15

St
ra

in
[1

0−
3 ][dv/v]coda

Axial Strain

0.00 0.10 0.20 0.30 0.40

E1 E3

Time [ms]

(c)

Figure 3.5: The 133BV 28.13 % porosity sample depleted at 2.5 MPa h−1 with the UPPD
protocol. a) Monitoring of the decorrelation coefficient K(|ġ0|) with a reference lag of
50 min and the relative changes in attenuative coefficients ∆Q−1, ∆ ScQ−1, and ∆ IQ−1.
b) The CWI derived relative velocity change dv/vcoda are compared with the axial strain.
c) Acquired waveform showing the 0.1 ms E1 and 0.25 ms E3 windows.
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Figure 3.6: The 123AV 24.68 % porosity sample depleted at 0.6 MPa h−1 with the UPPD-
MC protocol. a) Monitoring of the decorrelation coefficient K(|ġ0|) with a reference lag of
50 min and the relative changes in attenuative coefficients ∆Q−1, ∆ ScQ−1, and ∆ IQ−1.
b) The CWI derived relative velocity change dv/vcoda are compared with the axial strain.
c) Acquired waveform showing the 0.1 ms E1 and 0.25 ms E3 windows.



46
Coda-Wave based monitoring of pore-pressure depletion-driven compaction of Slochteren Sandstone

samples from the Groningen gas field
100

[
counts
m strain

]
300

[
counts
m strain

]
28 MPa

21 MPa

8 MPa

0 10 20 30 40 50

5

10

15

20

25

30

35

Hours

Po
re

Pr
es

su
re

[M
Pa

]
P P∑

AE

AEh−1

0

1,000

2,000

3,000

4,000

A
co

us
tic

Em
iss

io
ns

[c
ou

nt
s]

Figure 3.7: The 123DV 24.68 % porosity sample depleted at 0.6 MPa h−1 with the UPPD-MC
protocol. Acoustic Emission monitoring is performed with both the cumulative

∑
AE and

rate of emissions AEh−1 data provided. The onset of the three regions of notable increase
in AE rate are annotated in terms of the pore-pressure at which they occur.

3.4.3 Stage transitions

In fig. 3.8 we compare the pore-pressure, relative velocity dv/v
coda, and decorrela-

tion K(|ġ0|) at the point of transition between each of the identified compaction
stages. Firstly, considering the pore-pressure (fig. 3.8.a), a separation can be ob-
served between high (>28 %, 133BV and 134BV) and lower porosity samples. These
samples show a transition between compaction stages at relatively high pore pres-
sure (or lower effective stress) compared with all other samples. Further, the effect of
Multi-Cycle loading appears to reduce both the number of stages (137AV vs 137BV)
and the actual pore-pressure at which those transitions occur (stage 3-4 for 123AV
and 137AV). The 123 series experiments show repeatability within 1 MPa for both
the overlapping transitions (1-2 and 2-3) and the identified increase in the AE rate
(123DV).

Secondly, the relative velocity change at the stage transitions (fig. 3.8.b) show
dependency on both porosity and Multi-Cycle loading. Considering sister plugs
123AV and 123BV, we see close agreement between the relative velocity change at
each of the overlapping stage transitions, and a continued increase to a maximum of
2.24 % change. In comparison, the 19.2 % porosity Multi-Cycle experiment 137AV
shows a shallower slope and lower total change than the 123 series tests, though
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compared with its sister plug (137BV) which did not experience Multi-Cycle loading,
more than double the dv/v

coda is registered. The high porosity UPPD tests (134BV
and 133BV), show a lower overall change in dv/v

coda than all UPPD-MC test,
indicating Multi-Cycle loading plays a greater role than initial sample porosity in
determining the extent to which the velocity increases.

The decorrelation K(|ġ0|) however, shows no clear influence of either porosity
or Multi-Cycle loading, but rather a separation based on the instantaneous rate
of depletion. The UPPD experiments depleted at 0.6 MPa h−1 show notably lower
K(|ġ0|) than those depleted at 2.5 MPa h−1, see fig. 3.8.c. As with the pore-pressure
and dv/v

coda stage transitions, the repeatability of the sister plugs from the 123
series is also evident in K(|ġ0|).

Finally, we compare the relative change in intrinsic attenuation IQ−1 after max-
imum depletion is reached, with each samples initial porosity, see fig. 3.9. The
samples with porosity below 24.68 % (series 123 and 137) showed a total reduction
in IQ−1, whereas the two very high porosity series (133 and 134) experience an in-
crease in IQ−1. These data suggest a logarithmic trend, intersecting ∆ IQ−1 = 0 at
ϕ0: 27.5 %. Sample 123BV, which did not reach maximum depletion, was excluded
from this fit, and shows a larger decrease in IQ−1 than its sister plug 123AV. The
137AV test shows a larger reduction in IQ−1 than its sister plug 137BV. Correla-
tions between ∆ IQ−1 and the porosity dependent parameters of permeability and
the mean grain size as well as the fraction of weak mineralisation are also identified,
see fig. A.3. No clear correlations between the final ∆ IQ−1 and the grain sorting
σg or skewness Skg parameters were identified.

3.4.4 Microstructural analyses

Post-depletion microstructural crack map analysis was performed on backscattered
electron mosaic images from the two (123BV) and three (123AV) stage depleted
UPPD-MC tests. A sister plug from the same 123 series core is used as a reference
to the non-depleted material state. Please refer to appendix A.3.S1 for reference
high-resolution images of the stitched mosaic sections of each core plug. In table 3.3
a summary of the number of intragranular cracks Ncr, area of each mosaic Amap, and
the resulting crack densities ρcr from this analysis is provided. The mapped samples
showed large numbers of multiply fractured grains in a concentrated zone close to the
sample ends (bottom or top), suggesting that strain localization occurred during the
axial loading test [Baud et al., 2004]. As crack mapping of crushed grains in dilated
parts of the sample is less reliable these regions would typically be removed from
the microstructual analysis. However, in order to make comparisons with the acous-
tic coda-derived monitoring methods which represent an ensemble response of the
entire core sample, the crack density values from the ends are included, and there-
fore the intragranular crack density ρcr can only be assessed semi-quantitatively.
Comparing Ncr in relation to the reference core, for both the two (123BV) and
three (123AV) step UPPD-MC tests, we identify a 60 % (∆Ncr = 6179) and 50 %
(∆Ncr = 3233) increase respectively. The larger total Ncr identified for the partially
depleted (14 MPa), compared with the fully depleted (3 MPa), suggests that either
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Table 3.3: Summary of the crack map statistical properties.

Core Ncr Amap ρcr

segment [mm2] [Ncr/mm2]
123 (reference)

top 766 83.1 11.6 ± 1.7

16.0middle A 619 50.9 15.4 ± 2.3
middle B 494 41.2 15.0 ± 2.3
bottom 1423 86.8 21.0 ± 3.1

123BV (2 cycles)
top 3405 173.6 25.3 ± 3.8

26.6middle 3271 175.1 23.8 ± 3.6
bottom 2805 107.8 33.0 ± 5.0

123AV (3 cycles)
top 2436 108.5 30.7 ± 4.6

25.2middle A 1122 63.0 22.5 ± 3.4
middle B 961 63.2 19.1 ± 2.9
bottom 2016 100.3 25.2 ± 3.8

Ncr denotes the number of cracks, Amap is the
area of each mosaic, while ρcr is the granular
crack density.

the 123BV sample had a higher proportion of intragranular cracks before depletion,
or significantly more cracks formed at a lower pore pressure than the 123AV sample.
In both cases one must assume a degree of inhomogeneity in terms either in-situ
crack density or granular strength within the core, from which each sister plug was
taken.
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Figure 3.8: Comparison of (a) the pore-pressure, (b) the relative velocity, and (c) the decor-
relation coefficient K(|ġ0|) at the point of transition from increasing/decreasing ∆ IQ−1.
Stage transitions separated by Multi-Cycle regions are annotated as such. See appendix A.2
for tests 123BV and 137AV.
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Figure 3.9: Comparison of the relative change in the intrinsic attenuation ∆ IQ−1 at maxi-
mum depletion vs porosity. A logarithmic fit is indicated with samples <27 % porosity show-
ing a reduction in IQ−1, while samples above show an increase in IQ−1. Sample 123BV
is excluded from the logarithmic fit as it was only partially depleted. See appendix A.2 for
tests 123BV and 137AV.
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3.5 Discussion

The coda-derived acoustic monitoring methods described above have all demon-
strated sensitivity to pore-pressure depletion driven compaction of the Slochteren
sandstone. In the following section, we will discuss in detail the interpretation of each
identified stage of compaction segmented by the criteria of increasing or decreasing
intrinsic attenuation. This will then be followed by discussion on the effect of the
porosity, mean grain-size, grain-size skewness, mineralogy and the multi-cycle load-
ing during depletion, on the observed changes in attenuation (IQ−1, Q−1, ScQ−1),
K(|ġ0|), and dv/v

coda.

Generalised Conceptual Model for the observed compaction stages

The observed segmentation of pore-pressure depletion driven compaction based on
changes in intrinsic attenuation ∆ IQ−1, represents additional available data in char-
acterising the grain scale processes underway during depletion. Combined with the
decorrelation coefficient K(|ġ0|) and the CWI derived relative changes in velocity
(dv/v

coda), this potentially yields valuable insight into the acoustic response of a
producing reservoir. At the grain scale the intrinsic attenuation of propagating
waves in porous rock occurs primarily at grain interfaces (boundaries, fractures),
with negligible losses occurring within the grain material itself. Although there are
several possible mechanisms for such attenuation, for fully saturated porous and per-
meable media at ultrasonic frequencies, the dissipation of energy due to the relative
motion of the grain surface with respect to the pore fluid is expected to be dominant
[Johnston et al., 1979]. A theoretical description of this was first provided by Biot
[1956] and later developed by Stoll and Bryan [1970], where the particle motion of
a propagating wavefield translates a solid to fluid interface, in effect dragging along
the adjacent pore fluid. Although this formulation is dependent on both the matrix
and fluid elastic moduli, density and porosity, the viscous resistance to fluid flow as
defined by,

b = 3µϕ

a2
1

, (3.5.1)

is expected to have the greatest influence on this viscous drag attenuative mechanism
[Stoll and Bryan, 1970]. Here, µ is the fluid viscosity, ϕ is the matrix porosity,
and 2a1 is characteristic of the thickness/diameter of the dilated cracks or pores.
Assuming a constant fluid viscosity µ, the theory predicts that for a reduction in
thickness of the in-situ cracks, an increase in b and therefore IQ−1 will occur. The
associated reduction in porosity is expected to play a lesser role, especially for a
rock matrix with a small proportion of porosity held within dilated cracks.

By considering the Biot-type flow model describing changes in IQ−1 as captured
by eq. (3.5.1), along with changes in ScQ−1, K(|ġ0|), and dv/v

coda, we develop a
generalised conceptual model for the observed stages of increasing or decreasing
IQ−1, see table 3.4. This model is based on observations from previous studies on
the Slochteren sandstone [Pijnenburg et al., 2018, 2019; Hol et al., 2018a], the UPPD
and UPPD-MD experiments figs. 3.3 to 3.6, as well as the crack density analysis
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summarised in table 3.3.

• (a) Initial Intergranular Closure: The in-situ fracture network open at
the pre-depletion pore-pressure (35 MPa) begins to progressively close [David
et al., 2012; Walsh, 1965]. In terms of a propagating wavefield this represents
a reduction in the thickness 2a1 and therefore the scattering cross-section σT .
A reduction in σT in turn results in a reduction in g0 (see eq. (3.2.3)) and
therefore ScQ−1, see eq. (3.2.6). This reduction in 2a1 of the open fractures
and pores works to increase the materials overall resistance to fluid flow b at
these locations, subsequently increasing the intrinsic attenuation IQ−1.

• Transition: The number of regions undergoing closure begins to reduce as
the redistribution of stress concentrations begin to increase regions undergoing
intergranular cracking/slip events.

• (b) Intergranular slip and cracking: The process of intergranular slip
or cracking of cemented grain boundaries represents an increase in 2a1, σT

and thus the scattering attenuation ScQ−1. This increase in separation (2a1)
between grain boundaries reduces b, and therefore IQ−1.

• Transition: The number of regions undergoing intergranular cracking/slip
reduce as the redistribution of stress concentrations causes an increase in the
proportion of realigned grain boundaries experiencing closure.

• (c) Subsequent Intergranular Closure: The extent of the reduction in
ScQ−1 and increase in IQ−1 is controlled by both the number of locations
experiencing closure and the magnitude of this closure. With continued de-
pletion the total closure of some of the crack space is possible, resulting in a
reduction in both ScQ−1 and IQ−1 as the effective number density ρn of cracks
in which viscous attenuation is possible, reduces. Where the total closure of
the crack space is dominant, an overall reduction in IQ−1 will occur in relation
to the materials pre-depletion state.

Depending on rock material properties such as the distribution of intergranular ce-
mentation strengths, the coordination number (number of loading points per grain)
as controlled by the particle size skewness Skg, and the proportion of crack porosity,
further regions of intergranular cracking and slip are possible. This is indicated in
table 3.4, with increasing depletion by a repeat of stages (b) and (c).

• Transition: The last available regions for closure reduce as the redistribu-
tion of stress concentrations reaches sufficient force to initiate the first in-
tra/transgranular crack growth and formation.

• (d) Intra/Transgranular cracking: The formation of new intra or trans-
granular cracks, will increase the number density ρn and the scattering cross-
section σT in the location of crack formation. The introduction of new cracks
within the medium represents an increase in the number of regions capable
of both scattering, ScQ−1, and intrinsically attenuating, IQ−1, the wavefield.
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Furthermore, depending on the stiffness of the resulting network of fractures,
additional stages of realignment and closure followed with additional cracking
is possible, indicated in table 3.4 by a repeat of stage d.

It is important to note that while this conceptual model describes the com-
paction process in stages dominated by either intergranular closure, intergranular
cracking, or transgranular cracking, it still allows for the continuous development of
inelastic deformation with effective stress [Pijnenburg et al., 2018, 2019; Hol et al.,
2018a]. For example, in a stage characterised by predominantly intergranular clo-
sure, a lesser proportion of inelastic intergranular cracking/slip is expected. This
conceptual model as summarized in table 3.4 will now be discussed in terms of the
UPPD tests and their associated micro-structure. Considering firstly the 19.2 %
porosity sample (fig. 3.3), during the pore-pressure depletion up until ∼10 MPa,
stages of closure followed by intergranular cracking are interpreted, in terms of ta-
ble 3.4 transitioning through a-b-c-b-c. A general reduction in the amplitude of
oscillations in IQ−1 occurs during these five stages. This can be understood by
considering that with increased effective stress a proportion of the crack porosity
experiences total closure, and the subsequent displacement of the bound fluid. In
terms of the acoustic response this results in an effective reduction in the number
density of cracks ρn within which the Biot-type attenuative mechanism can operate.
This is most evident in Stage 5 where only a very slight increase in IQ−1 occurs.
The sudden increases in IQ−1 at the onset of stage 6 (44 and 45 h) is suggestive
of larger scale intra/transgranular cracking, see table 3.4 panel d. This interpre-
tation is supported by the fact that the sample has reached virgin pore-pressure
(PP < ∼10 MPa), or effective stress levels in excess of those experienced within the
reservoir. The remainder of stage 6, shows a small reduction in IQ−1 and an increase
in ScQ−1 (table 3.4), consistent with intergranular slip or cracking, see panel c.1.
As maximum depletion is approached in stage 7, very slight closure and stiffening of
the entire network of fractures occurs (fig. 3.3), resulting in a total negative change
in IQ−1 in comparison to pre-depletion conditions. This indicates that the total
closure of cracks which reduces the effective ρn, is dominant over any intragranular
cracking which works to increase ρn and therefore IQ−1. This is described in panel
c.2. In other words, the acoustic response of this sample indicates that predom-
inantly intergranular cracking/slip occurs throughout depletion, with evidence of
some larger intragranular cracking below ∼10 MPa.

If we apply this generalised model when interpreting the acoustic response of
the two higher porosity samples 134BV and 133BV (ϕ0 > 28 %), we note a number
of differences. Firstly, compared with sample 137BV (ϕ0 = 19.2 %) these high ϕ0
samples show from 2 to 3 additional stages of transition between increasing and
decreasing IQ−1 (see figs. 3.4 and 3.5). This is interpreted as a result of the larger
total axial strain (3.2 × 10−3 vs 8 × 10−2 and 17 × 10−3) which the higher porosity
sample experience. Furthermore, both experiments show evidence of post-depletion
creep, though this is much more evident in the 134BV test. In terms of material
properties, both cores have the same low proportion of relatively weak minerals
(7 %), though sample 134BV has a greater amount of relatively fine grains (negative
skewness of −2.29 vs −2.17) which is expected to strengthen the grain framework
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Table 3.4: Interpretation of pore-pressure compaction at the grain scale.

Grain Scale Crack Scale ∆ Param.
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Conceptual model relating changes at the Grain/Crack scale for three grains, to changes
in a materials bulk scattering and intrinsic attenuative properties, ∆ Param. The
increase↑/decrease↓ in the total scattering cross-section σT or number density of scat-
terers ρn results in an increase↑/decrease↓ in the scattering attenuation ScQ−1. An
increase↑/decrease↓ in the width or diameter of the open crack space a1 results in a
decrease↓/increase↑ in the intrinsic attenuation IQ−1. An increase↑/decrease↓ in ρn

results in an increase↑/decrease↓ in IQ−1. At the transition between stages of com-
paction, a reduction in the number of regions undergoing the latter process, and an
increase in the number of regions undergoing the former process occurs. The arrows
to the right of the table allow for a repeat of processes with continued depletion.
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[Hol et al., 2018a], and a larger average grain size (258.6 µm vs 202.4 µm) which is
expected to strengthen those larger grains [Borg et al., 1960; Brzesowsky et al., 2014,
2011; Chuhan et al., 2002; Hangx et al., 2010]. The larger negative skewness of grain
sizes further suggests a greater distribution of both grain strengths within the sam-
ple, and the contact area and therefore intergranular friction/cementation strengths
between grains. Therefore, the proportion of weak friction/cementation strengths
between grains, and the proportion of weak grains is increased, which is consistent
with the larger observed creep for sample 134BV after maximum depletion. These
differences are also reflected in the decorrelation coefficient K(|ġ0|) between 134BV
and 133BV during creep, with the former showing more than double the inferred
rate-of-change in g0. As sample 134BV displays a relatively constant IQ−1 during
this creep stage, while ScQ−1 increases, this suggests that ρn changes little, and
that the creep develops primarily by intergranular slip. Sample 133BV however
shows a slight increase in IQ−1 and ScQ−1, suggesting that the creep develops pri-
marily by inter or intra/transgranular granular cracking. The actual mechanism for
crack propagation, whether it be intra or transgranular, for relatively high porosity
(ϕ0 > 21.6 %) Slochteren was identified by Pijnenburg et al. [2018] as stress corrosion
cracking [Brantut et al., 2013; Heap et al., 2009, 2015].

Another difference between the two high porosity samples (134BV and 133BV)
and 137BV is the overall increase in the intrinsic attenuation IQ−1 (see fig. 3.9). In
terms of our conceptual model, this indicates that the addition of for example intra-
granular cracks thereby increasing ρn, is dominant over the total closure of cracks
which works to reduce the effective ρn. For 134BV (fig. 3.4) this is most pronounced
with the first 4 stages displaying predominately intergranular compaction, though
from stage 5 onward increased intragranular crack formation begins to dominate
as IQ−1 increases above its pre-depletion reference. In comparison 133BV only
shows an eventual positive change in IQ−1 during the ∼7 h of creep following the
completion of the UPPD protocol.

The transitions between stages as described in table 3.4 represents a change in the
dominant grain scale compaction process. This interpretation is supported by the
correlation between increased Acoustic Emissions rate (fig. 3.8.a), and the identified
transition between compaction stages for two sister plugs from the same core series
(figs. 3.6 and A.1). These increases in the AE rate occur at the onset of stages
identified as either, intergranular cracking/slip or intergranular crack closure. This
provides independent evidence that at the very least these regions represent notable
changes in the compaction process. Additionally, the clear increase in the AE counts
per strain below ∼8 MPa, supports the interpretation that increased intragranular
cracking occurs towards the end of depletion, as the sample is subjected to virgin
effective stress.

The presence of inelastic strain throughout the compaction of Slochteren sand-
stone samples was identified by Pijnenburg et al. [2018, 2019]; Hol et al. [2018a], for
a range of porosities, and has also been observed during hydrostatic testing of Berea
and Darley Dale sandstone [Shalev et al., 2014]. Pijnenburg et al. [2018] infer that
the presence of inelastic strain throughout compaction is related to the logarith-
mic distribution of grain and grain contact strengths [Borg et al., 1960; Brzesowsky
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et al., 2014, 2011; Chuhan et al., 2002; Hangx et al., 2010] resulting in early inelastic
strain development. Our coda-wave derived monitoring of Q−1,ScQ−1, IQ−1, K|ġ0|,
and AE not only corroborates this finding, but provides evidence that pore-pressure
driven compaction in the Slochteren sandstone may be subdivided into several serial
processes (stages), characterised by predominately intergranular closure followed by
predominately intergranular slip, and depending on the micro-structural properties
of the sample, eventually the pervasive formation of intragranular/transgranular
cracks. We suggest through a generalised conceptual model, which is itself based
on Biot-type attenuation, that the mechanism by which the transition between the
identified stages of compaction occurs is the continuous re-distribution of stress
concentrations within the grain structure.

3.5.1 Effect of initial sample properties and multi-cycling on compaction
stages

In this section, we discuss the relative effect of the initial sample properties such as
porosity, permeability, mean grain size and the Multi-Cycling of pore pressure on
the identified stages of compaction. These parameters will be discussed in terms of
the pore-pressure, relative velocity change dv/v

coda, decorrelation coefficient K|ġ0|,
and attenuation IQ−1.

Considering firstly porosity, the fact that the high porosity (134BV and 133BV)
samples show stage transitions at consistently higher pore-pressure (fig. 3.8.a) indi-
cates unsurprisingly that the onset of predominately intergranular cracking or slip
for these samples occurs at a lower effective stress. The relative velocity change
also shows a clear positive dependency on the initial sample porosity as is expected
by the acoustoelastic stiffening of the core (fig. 3.8.b). The decorrelation coefficient
K(|ġ0|) however, appears to be mostly influenced by the rate-of-depletion. Its ap-
parent porosity independence can be understood, when considering that K(|ġ0|) is
determined from the normalised cross-correlation, and is therefore only dependent
on the rate-of-change in the scattering coefficient g0, which is obviously dependent
on the rate at which the sample is depleted. The identified logarithmic relationship
between porosity and the relative change in intrinsic attenuation IQ−1 (fig. 3.9)
indicates that for initial sample porosity greater than 27 % an eventual increase in
IQ−1 is expected, and otherwise a reduction. In terms of the presented concep-
tual compaction model this describes a situation where the lower porosity samples
(123BV/AV and 137BV/AV) experience a greater proportion of total closure of the
crack space, and thus a reduction in the effective number density ρn of cracks in
which such viscous attenuation occurs. Conversely, the higher porosity samples in-
dicate that a lower portion of the crack space fully closes and a greater proportion
of intragranular cracks form, thereby increasing ρn in which viscous attenuation oc-
curs. This interpretation is supported by the fact that the partially depleted 123BV
sample with a larger number of intragranular cracks (Ncr = 6179) displayed a larger
final ∆ IQ−1 than its fully depleted 123AV sister plug (Ncr = 3233). This indicates
that for this 24.7 % ϕ0 sample, the majority of the intragranular crack space was
present prior to the onset of depletion, thereby resulting in a greater number of
fully closed cracks, despite only undergoing a partial depletion of the pore pressure
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(14 MPa verses 3 MPa). If alternatively, the observed larger Ncr in this sample were
formed during the depletion process, one would expect a relative increase in ∆ IQ−1,
which is not the case. Consequently, this indicates some degree of inhomogeneity in
terms of crack density within the 123 core, from which plugs BV and AV are taken.
The observed Ncr and total change in ∆ IQ−1 support the findings of Pijnenburg
et al. [2018], that intergranular cracking occurs mostly in the lower porosity sam-
ples, with only those of higher initial porosity resulting in pronounced intragranular
cracking. Furthermore, in sandstones generally, intergranular cracking combined
with intergranular slip are expected to be the dominant inelastic mechanisms at the
onset of compression [Shalev et al., 2014; Bernabé et al., 1994; DiGiovanni et al.,
2007; Ord et al., 1991; David et al., 2001; Menéndez et al., 1996]. The expectation
of a reduction in the proportion of crack/pore space which experiences total closure
for the highly porous and permeable samples can be understood when considering
that the majority of this volume is held within large aspect ratio pores, which do
not fully close under pressure. Fatt and Davis [1952] found a reduction in effective
permeability of 25 % for sandstone, while Frangos [1967] noted up to an order of
magnitude reduction for the much less permeable Westerly granite, which can be
interpreted as a greater proportion of fully closed crack space.

While initial sample porosity can be generally considered to have the greatest
influence on the development of inelastic strain [Hol et al., 2018b,a; Pijnenburg
et al., 2018, 2019], we also note correlations between the total change in ∆ IQ−1

and the initial permeability, mean grain-size, and the fraction of weak mineralisation
(fig. A.3). Clearly both permeability and mean grain-size cannot be considered as
independent of sample porosity, and as such show the same positive correlation with
∆ IQ−1. The fraction of weak mineralisation, however shows a negative correlation
with increasing ∆ IQ−1, which supports the findings of Hol et al. [2018b,a], namely
that the presence of increase weak mineralisation increases the proportion of inelastic
intergranular strain and therefore the proportion of totally closed cracks.

The strain hardening influence of the cyclical loading of stress on the Slochteren
sandstone was noted by Pijnenburg et al. [2018], with a clear dependency on ini-
tial sample porosity. The repeated cycling of pore-pressure performed during the
UPPD-MC test can be expected to accelerate the redistribution of stress concen-
trations at the grain scale. In terms of the acoustic response, this is considered
as the reason for the observed reduced number of compaction stages, and larger
relative velocity increase (acoustoelastic effect [Grinfeld and Norris, 1996]), noted
in all Multi-Cycle tests. Further, the influence of the Multi-Cycle loading on the
acoustoelastic stiffening of the samples appears to be dominant over a samples ϕ0.

In summary, the application of the presented coda-derived monitoring methods
indicate that pore-pressure driven compaction in the Slochteren sandstone may be
subdivided into several serial processes (stages), characterised by predominately
intergranular closure followed by predominately intergranular slip, and depending
on the micro-structural properties of the sample, eventually the pervasive formation
of intragranular/transgranular cracks. The presented discussion provides a first
step towards characterising the acoustic response of the Slochteren sandstone in
terms of different material properties. Fluctuations in K|ġ0| have been shown to
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correspond to the onset of virgin pore-pressure levels, as well as indicating the
sudden formation of larger transgranular cracks. The point at which ∆ IQ−1 begins
to steadily increase has been linked with the pervasive increase in crack density
for high porosity samples. The ability to constrain such changes to a particular
pore-pressure during a depletion test provides valuable additional information on
the compaction process. We therefore suggest, that with sufficient data to enable
statistical analysis, an improved understanding of the relative importance and inter-
dependencies of the possible proxies for inelastic compaction will result.

3.5.2 Implications on the depletion of seismogenic sandstone reservoirs

The release of seismicity within the Groningen gas field has been shown to occur
primarily along preexisting faults [Dost et al., 2017; Spetzler and Dost, 2017; Lele
et al., 2016], due to differential compaction of the surrounding strata [Mulders,
2003]. In the studies of Van Eijs et al. [2006]; Bourne et al. [2014], generally three
key parameters are identified as important in controlling seismicity: the extent of the
depletion pressure drop (∆P ), reservoir fault density (F ), and the compressibility
(cm). While ∆P and F simply state the requirement for a significant pressure drop
within the vicinity of an existing fault, cm states that the surrounding material is
sufficiently compressible such that, for example frictional forces can build up along
faults. If we extrapolate the findings of this study to the field-scale, regions of
Slochteren sandstone with initial porosity above 27 % are expected to experience
a relative increase in the Biot-type intrinsic attenuation as maximum depletion
is approached. Our generalised conceptual model suggests that this increase in
IQ−1 is due to the pervasive formation of intragranular cracks, resulting in a large
increase in cm. Such an increase in granular cracking and therefore compaction
for the very highest porosity regions, has implications for both the development of
induced seismicity and probabilistic hazard maps [Dost et al., 2017], not to mention
geomechanical modelling for the reservoir in question. The importance of including
the inelastic component of compaction has also been highlighted by Pijnenburg et al.
[2019] for geomechanical models which typically make a poroelastic assumption
[Bourne et al., 2014; Lele et al., 2016; Wassing, 2015; Dempsey and Suckale, 2017;
Zbinden et al., 2017].

The Biot-type intrinsic attenuative mechanism considered in this study is frequency-
dependent, and is only expected to be measurable for a source wavefield operating
at ultrasonic frequencies. This limits in-field monitoring infrastructure to an in-
borehole, kHz source and receiver setup, similar to that applied at the San Andreas
Fault Observatory at Depth (SAFOD) [Zoback et al., 2011], near Parkfield, Califor-
nia. Despite the coverage of such a setup being limited to near-borehole changes, it
still represents an improvement in terms of sensitivity, and spatial/temporal resolu-
tion when compared to the radioactive depth markers, or Distributed Strain Sensing
(DSS). If one however considers, active source monitoring at seismic frequencies, a
cross-well setup becomes a feasible application. While the influence of Biot-type
attenuation will not be measurable, other intrinsic attenuative mechanisms such as
squirting flow or friction loss [Johnston et al., 1979] are expected to become dom-
inant, and sensitive to grain scale variations in fluid saturation and pore-pressure.
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While there have been numerous works which monitor changes in attenuation, at
both the laboratory [Lockner et al., 1977; Barnhoorn et al., 2018] and field-scale
[RAJI and Rietbrock, 2012; Shabelansky et al., 2015], to the authors’ knowledge,
monitoring changes in scattering and intrinsic attenuation as components to total
attenuation has received no attention. At surface seismic frequencies 3–100 Hz, this
can be attributed to the fact that scattering attenuation is strongly dependent on
frequency (∝ f1.48 [Akinci and Eyidoan, 2000], ∝ f4 [Johnston et al., 1979]), and
therefore is no longer influenced by grain scale changes. In a closely spaced cross-well
setup however, 300–1300 Hz has been shown to be achievable [Zhang et al., 2012a],
and can be expected to be sensitive to metre scale changes in, for example preexist-
ing fracture networks. Such a monitoring setup may maintain sensitivity to changes
in attenuation associated with for example, the introduction of fluid into a frac-
ture network, a process which has itself been linked with increased risk of induced
seismicity [Zbinden et al., 2017]. We therefore suggest, that with further investiga-
tion into the relationship between reservoir properties and continued compaction, at
such cross-well seismic frequencies, improvements to both the timeliness and spatial
coverage of compaction monitoring will result. This can be expected to have direct
benefits in terms of seismicity and subsidence modelling, for example by providing
information on the development of changes around preexisting faults which are too
small to be reliably mapped [Bourne et al., 2014]. Furthermore, it would represent
a meaningful step towards real-time active source monitoring of compaction, and
the possible detection of subtle/precursory indicators to large-scale induced seis-
micity. As passive seismicity monitoring is only capable of detecting events which
are sufficiently large to reach the borehole receivers, it is insensitive to small events
happening at the grain scale, not to mention any pre-seismic compaction changes.
In contrast, an active-source repeat survey is in principle able to detect both truly
pre-seismic changes, as well as seismicity of insufficient magnitude to reach a re-
ceiver.

3.6 Conclusion

In this study, we performed Uniaxial Strain Pore Pressure Depletion (UPPD) exper-
iments on Slochteren sandstone core samples, taken from a test well in the centre
of the seismogenic Groningen gas field. The applied depletion in each test com-
menced at the pre-production reservoir pore-pressure of ∼35 MPa, and ended be-
low the reservoir coring pressure (∼10 MPa) to a maximum depletion of 3 MPa.
Fully and partially depleted UPPD Multi-Cycle experiments were performed, and
on one core series both pre and post microstructural comparisons and Acoustic
Emissions monitoring were conducted. Comparisons between these data were used
to infer the influence of both MC pore-pressure fluctuations and the formation of
intra/transgranular cracks. All experiments, aside from the AE dataset were moni-
tored with axially mounted receiver and source transducers operating at ultrasonic
frequencies, with regular repeat measurements every few minutes. From this dataset,
we applied three coda-derived monitoring methods which infer changes in the scat-
tering coefficient |ġ0|, the velocity dv/v

coda, and the scattering ScQ−1 and intrinsic
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IQ−1 attenuation. The main conclusions of this work are;

• The analysis of the changes in scattering and Biot-type intrinsic attenuation
throughout depletion, indicate that compaction occurs in stages of predom-
inantly intergranular closure, transitioning into predominantly intergranular
slip/cracking. With continued depletion, and a suitably weak grain structure,
the pervasive formation of intra/transgranular cracks is expected.

• The total relative increase in IQ−1 at the end of depletion for samples of
ϕ0 > 27 % ( fig. 3.9) indicates that, for the very highest porosity Slochteren
sandstones, the pervasive increase in crack density dominates over the closure
of preexisting cracks.

• Acoustic Emissions monitoring shows that a significant increase in grain scale
seismicity occurs at regions identified as either the onset of intergranular
slip/cracking or the onset of predominantly closure. The tripling of the AE
counts per strain below ∼8 MPa, supports the interpretation that intergranu-
lar or transgranular cracking occurs towards the end of depletion, below the
reservoir coring pressure.

• The transition from reservoir coring to virgin pore-pressure is identifiable by
an increase in K(|ġ0|), and the stabilisation or increase (where ϕ0 > 27%) in
IQ−1.
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4
Ultrasonic imaging of the onset and
growth of fractures within partially
saturated Whitby Mudstone using
coda-wave decorrelation inversion

Abstract Coda-wave Decorrelation (CWD) time-lapse imaging during the triaxial
compression of Whitby Mudstone cores provides a 3-D description of the evolution
and redistribution of inelastic strain concentrations. Acoustic Emissions (AE) mon-
itoring is also performed between any two consecutive active source surveys. From
these data, we investigate the impact of initial water saturation Sw on the onset,
growth, and reactivation of inelastic deformation, compared to the post-deformation
fracture network extracted from X-ray tomography scans. Our results indicate for
the applied strain-rate and degree of initial water saturation that the Whitby mud-
stone does not produce any AE of sufficient magnitude to be detected above the
noise level. This is true for both the initial onset of inelasticity, and during the re-
gion failure. In contrast, the CWD results indicate the onset of what is interpreted
as localised regions of inelastic strain at less than fifty percent of peak differential
stress. The aseismic nature of these clay-rich rocks suggests that mostly plastic de-
formation occurs, from the microscopic, up until macroscopic shear fracture failure.

Under Review: Zotz-Wilson R., Douma L.,Sarout J., Dautriat J., Dewhurst D., Barnhoorn A.,
(2019), Ultrasonic Imaging of the onset and growth of fractures within Partially Saturated Whitby
Mudstone using coda-wave decorrelation inversion, Journal of Geophysical Research - Solid Earth.
Note that minor changes have been introduced to make the text consistent with the other chapters.
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4.1 Introduction

Mudstones play an important role in many civil infrastructure, energy and resource
projects globally. They act as impermeable seals in conventional hydrocarbon or
carbon capture reservoirs [Busch et al., 2008; Armitage et al., 2016], or as both a
source [Jianghui et al., 2012] and reservoir rock [Aplin and Macquaker , 2011] in
unconventional hydrocarbon projects. Several permanent nuclear storage projects
plan to [Brookins, 1976; Vomvoris et al., 2013] or already employ [Aikas and Sundell,
2014] mudstones as the host rock for both high and low grade radioactive waste. Due
to their global abundance [Garrels and Mackenzie, 1969], civil infrastructure project
such as tunnels, dams, and bridges often directly interact with mudstones [Yoshida
et al., 1997; Wang et al., 2013; Izumi et al., 1998], presenting a variety of engineering
challenges. Furthermore, shales and mudstones are considered as a key input when
developing susceptibility maps for environmental damage due to landslides [Ayalew
and Yamagishi, 2005]. It is therefore essential to gain an understanding of the me-
chanical properties of mudstones under a variety of environmental conditions. To
this end, laboratory triaxial testing of core samples subjected to realistic subsur-
face temperature, pressure, stress, and saturation conditions are essential. While
the bulk core properties are generally attainable by measurements at the bound-
ary, the determination of the time and location at which inelastic changes develop,
requires techniques which are sensitive to localised changes within the core. Acous-
tic Emissions (AEs) monitoring has been a commonly applied technique within
rock-mechanics laboratories for more than two decades [Lockner , 1993; Lei et al.,
2004; Heap et al., 2009; Sarout et al., 2017], enabling the rate, location, and effective
stress at which fracturing develops to be extracted from passive acoustic monitoring.
Some inherent limitation of AEs monitoring are that it requires: (i) the magnitude
of acoustic energy emitted during fracturing to be sufficiently large; (ii) and within
the dynamic range that it is detectable by the available sensor network. Further,
AEs monitoring is unable to detect inelastic changes which are truly aseismic in
nature [Main, 1990].

In this study, we apply both active source acoustic and passive AEs monitoring,
on three laboratory scale core samples of different initial water saturation. The aim
is to monitor both the location and time of fracturing from active source monitoring,
in comparison with the onset of AEs, thereby providing an indication of the degree
to which pre-seismic changes occur. This is based on the premise that active source
methods do not rely on the spontaneous emission of acoustic energy in order to detect
the presence of inelastic deformation, and therefore remain in principle sensitive
to aseismic fracturing. While there have been a number of velocity tomography
monitoring applications in laboratory rock deformation experiments [Jansen et al.,
1993; Brantut, 2018; Aben et al., 2019], enabling the three-dimensional imaging of
rock fracturing, in this work we apply Coda-Wave Decorrelation (CWD) inversion
for the first time within experimental rock mechanics. The CWD method makes
use of the coda of recorded waveforms and therefore can be expected to display
improved sensitivity when compared to methods which rely on the coherent arrivals
[Snieder , 2002a; Grêt, 2005; Zotz-Wilson et al., 2019]. While the first publication



4.2 Materials and methods 63

and experimental application of CWD demonstrates the ability of the method to
locate, in a probabilistic sense, the formation of a single defect within a concrete
slab [Larose et al., 2010], in this study we apply a least-squares approach which has
the potential to locate, in terms of a physical quantity, multiple regions of change
simultaneously [Planès et al., 2015].

The results of this study, monitoring the active and passive acoustic response of
mudstone samples of differing initial water saturation, provides valuable information
on the development of both microscopic inelastic strain (diffuse damage) and the
emergence of larger coalesced macroscopic shear fractures.

4.2 Materials and methods

4.2.1 Sample material and preparation

The mudstone samples originate from the outcropping Whitby Mudstone forma-
tion (WMF), United Kingdom (UK). The WMF is deposited in the East-English
Cleveland Basin in anoxic bottom conditions [Powell, 2010]. This Toarcian Age
mudstone formation consists of three members, including the Grey Shale Member,
Mulgrave Shale Member, and Alum Shale Member [Powell, 2010]. The Mulgrave
Shale Member (Lower Jurassic) is the lateral equivalent of the Dutch Posidonia
Shale Formation (PSF), the main shale gas target in the Netherlands. The maxi-
mum burial depth of the mudstones in the Cleveland Basin is ∼4 km, where the top
of the Lower Jurassic does not exceed ∼2.5 km [Pye, 1985]. The WMF has been
considered an analogue for the Dutch PSF [Zijp et al., 2015], since the PSF is not
outcropping in the Netherlands, core material is badly preserved, and available log
data is limited.

The WMF is a relatively clay-rich rock, composed of 50 % to 70 % inter-layered
illite/smectite, illite, and kaolinite [Houben et al., 2016a]. The organic matter (TOC
∼6 %) is often inter-layered within the matrix [Zijp et al., 2015; Houben et al., 2016a].
The porosity of the mudstones originating from the Mulgrave Shale Member is
∼13 %, based on the wet and dry mass of a mudstone core [Douma et al., 2019].
The matrix permeability is in the range of 10 × 10−23 m2 to 10 × 10−18 m2 , and
pore diameters are between 72 and 300 nm [Houben et al., 2016b].

Mudstone blocks are sampled from a wave-cut platform on the east coast of Eng-
land, north of Whitby (UK), near Runswick Bay. The mudstones in the outcrop are
submerged daily by seawater, due to the tidal cycle. Immediately after sampling, the
mudstone blocks were stored in seawater to prevent initial pore water loss. Seawater
was used because the assumption was made that the pore fluid of the mudstones
became in chemical equilibrium with the seawater over geological time. Cylindrical
core plugs were cored normal to the bedding out of the same larger sample block
and have a length of ∼80 mm and a diameter of ∼40 mm. During coring, seawater
was used as cooling fluid to prevent shrinkage or swelling of the clays. After coring,
the core plugs were stored at room temperature in three different desiccators with
a constant relative humidity atmosphere of ∼85 %, 75 %, and 35 %. At these rel-
ative humidities, the corresponding water saturations achieved after several weeks
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(until mass stabilization) are ∼70 ± 10 %, ∼58 ± 10 %, and ∼28 ± 10 %, obtained
by subtracting the brine volume divided by the pore volume from the initial water
saturation [Douma et al., 2019]. The different relative humidity atmospheres were
created by using oversaturated brine solutions, as explained in detail by Laloui et al.
[2013]. The three core plugs were used for rock mechanical testing after equilibrating
for approximately two months in a desiccator.

4.2.2 Experimental procedure

The experimental setup used for the mechanical and ultrasonic testing includes
a triaxial stress vessel, multichannel ultrasonic monitoring system, and ultrasonic
P-wave transducers. A similar setup was used by Sarout et al. [2015, 2017] and
Douma et al. [2019]. The partially-saturated core plugs are placed in a Viton sleeve
to prevent contact with the surrounding confining oil. Two opposed linear variable
differential transformers (LVDTs) monitor the axial displacement. The local circum-
ferential strain is measured with a strain gauge-based cantilever mounted through
the Viton sleeve, directly on the lateral surface of the core plug.

Two aluminium spacers (38 mm diameter; 1 mm thickness) are placed on top and
bottom of the partially-saturated core plugs (see fig. 4.1), to achieve macroscopically
undrained conditions during the deformation of the rock. This means that there is
no pore pressure control or monitoring during testing, and that no fluid is allowed to
exit the core plug. The experiments are all performed at room temperature (22 ◦C).
A detailed description of the experimental procedure is given by Douma et al. [2019],
though in essence this can be summarised as:

• An increase in confining pressure at a rate of 0.5 MPa min−1 until 15 MPa,
followed by a consolidation stage of about three days under isotropic stress
conditions.

• Subsequently, a vertical stress is applied orthogonal to the bedding with a
constant axial strain rate of 1 × 10−7 s−1 until failure of the WMF sample.

A total of fourteen piezo-ceramic-based P-wave transducers (footprint diameter
6 mm, dominant resonant frequency 0.5 MHz) are directly attached to the Whitby
Mudstone (WM) sample (see fig. 4.1), through the Viton sleeve, which record the ul-
trasonic signals propagated through the sample from a particular transducer. Each
transducer acts sequentially as a source Si, while the other thirteen transducers
act as receivers/sensors Rj . During each survey, multiple repeat measurements are
performed, and the recorded waveforms are stacking at each Rj , thereby improv-
ing the Signal-to-Noise Ratio (SNR). Each survey consists of 182 (14 × 13) stacked
waveforms, recorded during a time window of 410 µs, at a sampling rate of 10 MHz,
and an amplitude resolution of 12-bit [Sarout et al., 2015]. Surveys are conducted at
regular time intervals of either 2.5 or 5 min during a deformation experiment. Each
active source survey takes ∼30 s, in the time between all fourteen transducers are
switched to passive monitoring mode, allowing the detection and recording of spon-
taneous fracturing events referred to as Acoustic Emissions (AEs). In preparation
for subsequent processing, the data recorded during each survey p are arranged into
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an impulse response data cube Dp, with each waveform stored corresponding to Si

in rows, Rj in columns, for P surveys.
In order to ascertain the actual extent of the fracture network formed during tri-

axial failure, all tested WM samples were scanned before and after experimentation
using an X-ray computed tomography scanner. The created data set has a voxel
size of 100x100x400 µm.
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Figure 4.1: Configuration 14 radially mounted transducers, aligned with the middle of each
core sample

4.2.3 Coda-Wave Decorrelation inversion procedure

This section summaries the theory and inversion workflow applied to the three
impulse response data cubes Dn obtained form the three triaxial experiments. The
work by Larose et al. [2010] was the first description of what we refer to as Coda-
Wave Decorrelation Inversion, in which the formation of a single defect within a
concrete block was located, by active source, time-lapse measurements from several
ultrasonic receivers. Since this initial publication, other works have applied CWD
inversion to monitor the formation of cracks in concrete structures [Larose et al.,
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2015; Zhang et al., 2016], or study changes due to volcanic [Obermann et al., 2013a]
or tectonic [Obermann et al., 2014, 2019] activity. In this work, we apply a linear
least-squares inversion method, for the time-lapse monitoring of shale faulting under
triaxial stress conditions. The python code developed by Zotz-Wilson [2019b] is used
for this purpose. For a detailed description of the theory employed, please refer to
Planès et al. [2015].

The basic premise of CWD is that a change in the scattering properties of a
medium can be inferred by a comparison between wavefields recorded before and
after the change. This comparison is performed via a normalised cross-correlation,
with the measured decorrelation coefficient Km calculated for a window [tk −tw, tk +
tw] within the coda. Similar to Coda-Wave Interferometry (CWI) which relates the
phase shift of this correlation to a change in elastic wavespeed [Larose and Hall,
2009; Payan et al., 2009; Zhang et al., 2012b; Grêt et al., 2006b] or temperature [Grêt
et al., 2006b; Weaver and Lobkis, 2000; Larose et al., 2006] of the medium, CWD
relates the corresponding Km to a change in the scattering properties of the medium.
In terms of the processing, for each survey p, the measured decorrelation coefficient
Km

ij between a reference survey Dref and perturbed survey Dp, is calculated for
each source i and receiver j and non-overlapping window of width 2tw within the
coda. The resulting data decorrelation matrix Km

p of dimensions [Si, Rj , tk] for each
survey p, serves as the observed data input to an inversion scheme.

In order to relate each Km
ij for various windows within the coda, to localised

changes within the core sample, a theoretical estimation of the decorrelation co-
efficient KT

ij(r, tk) [Rossetto et al., 2011; Planès et al., 2014], due to a change in
scattering at location r is made. In its simplest form,

KT
ij(r, tk) = V0σT

2
Q(Si, Rj , r, tk), (4.2.1)

where σT is the scattering cross-section of a defect at position r within background
velocity V0. The sensitivity kernel Q(...) used in this work is that derived by Rossetto
et al. [2011] as,

Q(Si, Rj , r, tk) = 1
4πD

(
1
si

+ 1
rj

)
exp

[
||Si − Rj ||2 − (si + rj)2

4Dtk

]
, (4.2.2)

where si = ||Si − r||, rj = ||Rj − r|| and D is the diffusivity of the medium.
This kernel provides a description of the expected sensitivity of a particular sensor
arrangement (Si, Rj ,) at elapse time tk to a perturbation at position r. For the
three-dimensional visualisation of each sensitivity kernel between different Si/Rj

pairs, see appendix A.4.S1. The core volume is then discretised into tetrahedra,
allowing eq. (4.2.1) to be calculated at the centre of each. A forward problem is
then formulated in vector/matrix form as,

Km
p = Gm, (4.2.3)

where Km
p is arranged into a vector of measured decorrelation coefficients at survey

p, for each Si - Rj pair, and correlation window. The matrix G stores the sensitiv-
ity kernels Q(Si, Rj , r, tk) row-wise, calculated at each tetrahedron. The true model
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parameters m is a vector containing the density of σT perturbations within each
tetrahedron given as σTρ

with the dimensions mm2/mm3. A least-squares formula-
tion is adopted [Tarantola, 2005], in order to estimate the model parameters m̃. As
σTρ

must be positive, an iterative procedure is applied for each Km
p by which any

negative m̃ are discarded until convergence is achieved, generally requiring no more
than 10 iterations.

In order to make comparisons between each tested sample, we maintain the same
relative weights in the inversion miss-fit function. The standard deviation σm from
the a priori model mpriori is 0.53, which controls the degree to which the measured
data are fitted. The other free parameter in the inversion is Lc which is set to
12.26 for all three tests, and represents the correlation distance between cells. The
diffusivity D in eq. (4.2.2) is assumed to remain constant throughout each test, and
is therefore estimated from a single trace selected at approximately 50 % of peak
stress by the approach described in Anugonda et al. [2001]. This simplification is
motivated by the observation of previous applications of CWD [Zhang et al., 2018],
that the inversion is relatively insensitive to changes in D.

Additionally, each successive time-step in the inversion p is independent of one
another as the initial mpriori are set to zero. Therefore, any observed correlations
between successive distributions of σTρ are derived from the input data Km

p . A
total of four, non-overlapping 40 µs correlation windows beginning at 50 µs up until
210 µs within the coda are applied. The value of 50 µs is selected as it follows the
arrival of maximum S-wave energy, from which point the wavefield shows a diffusive
decay in energy. The width of each correlation window must be significantly larger
than the dominant period T0 of the wavefield, while the number of windows must
be balanced against computational cost.

The core volume is discretised into a tetrahedral mesh of 3.2 mm characteristic
length [Geuzaine and Remacle, 2017], resulting in ∼15 000 cells, thereby keeping the
computational time low. The model parameters m̃ resulting from each inversion
time-step p are mapped onto the tetrahedral mesh, providing an indication of the
spatio-temporal changes in the density of scattering cross-section σTρ with respect to
the reference data cube Dref . The reference point is selected towards the beginning
of axial stress loading, once confining pressure has been applied, thereby ensuring
each ultrasonic transducer is sufficiently coupled to the lateral surface of the WM
sample (see fig. 4.1). Furthermore, in all cases a comparison is made between the
m̃ distribution resulting from: (i) a fixed reference comparison (i.e. consecutive
correlations between Dpi and Dref ); and (ii) the m̃ distribution resulting from a
rolling reference comparison, (i.e. consecutive correlations between Dpi and Dpi−N

which lags behind pi by N surveys). Where large changes in Km
n are identified early

on during a given deformation experiment, a second Dref is defined in order to avoid
large decorrelation and therefore a reduction in sensitivity to subsequent changes
[Zotz-Wilson et al., 2019].
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4.3 Results

The analysis of the mudstone samples will be presented from highest to lowest
water saturation, i.e., 70%, 58% and 28%. For each sample, the distribution of
σTρ throughout deformation is compared to the post-failure fracture network as
imaged by post-mortem X-ray CT scanning. In order to quantitatively compare the
three-dimensional inversion results with the evolution of stress during axial loading,
4 mm spheres are placed within the centre of regions of high σTρ

; and the average
value of all intersected tetrahedra is calculated for each survey/time step throughout
the experiment. This allows direct quantitive comparison of the three-dimensional
distribution of σTρ to be compared with the changes in differential stress.

In all cases, rolling reference monitoring is performed to ensure the rate-of-
change in σTρ correlates with the fixed reference results, thereby avoiding a spurious
correlation after sudden large or prolonged changes in the medium [Zotz-Wilson
et al., 2019]. For the samples of lower initial water saturation (58 % and 28 %), two
fixed reference points, before and after large changes in σTρ

are defined. For the
70 % Sw sample in which only a single large shear fracture formed (fig. 4.2.b), only a
single reference point is necessary. For each deformation experiment, we report the
evolution of differential stress in time, including the 3 days of consolidation under
isotropic stress preceding the axial loading stage.

Depending on the experiment, active source surveys were conducted every 2.3 min
or 5 min. No acoustic emissions were detected during the (1.8 min or 4.5 min) pe-
riod of passive monitoring between each consecutive active survey. Therefore, for
the applied strain rate of 1 × 10−7 s−1, and saturation levels, the Whitby mudstone
is considered to produce no AEs of sufficient magnitude to be detected.

Sample of 70 % initial water saturation

For the 70 % sample shown in fig. 4.2.a, an initial increase in σTρ
occurs at the

base of the main shear fracture (point A in fig. 4.2.b), which was identified from
the post-mortem X-ray CT images. The fixed reference changes in σTρ within the
region of point A in fig. 4.2.a show an initial increase at 13.75 MPa or 36 % of the
peak stress. This initial increase peaks at ∼20 MPa and 90 h, before reducing again
until ∼26 MPa at 98 h. This is immediately followed by a second increase, around
the onset of non-linear deformation. A third smaller rise occurs at ∼106 h, followed
by a smaller reduction up until ∼113 h. A final slight increase in σTρ

leading up
to peak stress at 37.82 MPa occurs, followed by a slight drop coinciding with the
point of failure. This is followed by ∼20 h of slip along the newly formed shear
feature(s), during which σTρ

shows a gradual increase, plateauing out towards the
end of experimentation.

The rolling-reference dashed curve in the region of point A (fig. 4.2.a) provides
an indication of the rate-of-change in σTρ

between surveys performed 4.22 h apart.
This curve shows its largest value at 89 h followed by peaks of reducing magnitude
coinciding with the increase noted in the fixed-reference results at 102 h and 108 h.
This provides confidence in the fixed-reference distribution of σTρ

. At the peak
stress, a final larger increase in the rolling reference σTρ

curve occurs.
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The six snapshots taken at the plain disks • shown in fig. 4.2.a, display the
σTρ

distribution for both x-z slices (fig. 4.3), and slices parallel to the A-B fracture
plane (fig. 4.4). For a movie of these figures covering the entire experiment see
appendix A.4.S3. The differences between the first two time-steps (•1 − •2) in
both figures show a localised increase in σTρ

towards the base of the main shear
fracture (A), with some distribution along the fracture plane. As stress increases,
the point of largest σTρ moves further downward along the fracture plane, with the
fracture tip also showing a region of increased σTρ

, slightly skewed to the right side
of the fracture plane, see point B in fig. 4.4. Further, there is a reduction in the
distribution around point B and an increase in the extent at the fracture base (point
A) before (•4 − •5) and after (•5 − •6) failure. The x-z slices (fig. 4.3) also capture
the downward movement and increase in σTρ toward the base of the main fracture.
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Figure 4.2: (a) Monitoring of the 70% Sw sample, showing the development in terms of scat-
tering cross-section σTρ (reference at 80 h and the rate-of-change of σTρ (rolling reference
lag of 4.22 h) for a 4 mm sampling sphere located at the base of the main shear fracture.
The annotated ⋆ indicates the identified point at which σTρ first localises, while • indi-
cate the snapshots displayed in figs. 4.3 and 4.4. (b) X-Ray post-deformation single shear
fracture, with a dehydration fracture plane at ∼55 mm. The dashed region was obscured
during X-Ray tomography by a transducer and therefore represents an interpretation. See
appendix A.4.S2 for an isometric view rotation of the fracture network.
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Figure 4.3: The 70% Sw sample sliced along the x-z plane for time steps •1 to •6 as indicated
by the • symbols in fig. 4.2.a. Point A indicates the position of the 4 mm sampling sphere
at t6. See appendix A.4.S3 for a movie of this figure.

Sample of 58 % initial water saturation

The 58 % sample shows two shear fractures. The main fracture extends from the
lower right (A) of the x-z slice, up until ∼58 mm on the left (B) as shown in fig. 4.5.b.
The smaller fracture extends from the approximate centre of the x-z slice (C), up
until ∼35 mm (D). The CWD inversion results indicate an initial increase in σTρ

within the upper end of the minor fracture (region D), peaking at ∼100 h, see
fig. 4.5.a. The distribution of this initial increase is captured at the ▲ snapshots,
shown in fig. 4.6, or as a movie in appendix A.4.S4. Between ▲1 − ▲3 upward drift
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Figure 4.4: The 70% Sw sliced parallel to the fracture plane A-B, for time steps •1 to •6 as
indicated by the • symbols in fig. 4.2.a. Point A indicates the position of the 4 mm sampling
sphere at t6, while point B shows the position of the maximum σTρ around the fracture tip.
See appendix A.4.S3 for a movie of this figure.

in the location of maximum σTρ
occurs, followed by an increase in both magnitude

and spatial distribution from ▲4-▲5. The final snapshot (▲6) shows the subsequent
reduction in magnitude and spatial distribution. Just prior to the peak σTρ

noted at
98 h along the minor fracture (region D curve in fig. 4.5.a), an increase occurs at both
the base (region A curve) and tip (region B curve) of the major fracture. The six ■
snapshots shown in fig. 4.7 indicate a progressive increase in σTρ

towards the major
fracture tip (B), continuing all the way to peak stress at 51.29 MPa. The x-z sliced
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distribution reflecting the • snapshots generated from a reference at 90 h ( fig. 4.8)
show a process by which the region of largest σTρ

alternates between the minor (D)
and major fracture (A) regions (•1-•4), and then focuses at the main fracture just
prior (•5) to, and after (•6) the point of dynamic failure. See appendix A.4.S5 for
a movie of both the x-z and major fracture slice.
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Figure 4.5: (a) Monitoring of the 58% Sw sample, showing the development in terms of
scattering cross-section σTρ for three 4 mm spheres located within the minor and main
shear fractures. The annotated ⋆ indicates the identified point at which σTρ first localises,
while •, ▲, and ■ indicate the snapshots displayed in figs. 4.6 to 4.8. (b) X-Ray post-
deformation major (A-B) and minor (C-D) shear fractures, with a preexisting dehydration
fracture plane at ∼45 mm. See appendix A.4.S2 for an isometric view rotation of the
fracture network.

Sample of 28 % initial water saturation

The 28 % sample post-deformation fracture network consists of one large shear frac-
ture, traversing from the lower left to right of the x-z slice (A-B in fig. 4.9.b), with
preexisting dehydration fracture planes at the bottom (E) and two at the top (F)
of the core. Around the base of the large fracture (A), several smaller fractures
coalesce into a single fracture (C-D in fig. 4.9.b). Careful inspection of the post
deformation X-Ray scans indicates several smaller fractures, most of which are on
one side of the main shear fracture, though there also exists a smaller fracture which
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Figure 4.6: The 58% Sw sample sliced along the minor fracture plane C-D, for time steps
▲1 to ▲6 as indicated by the ▲ symbols in fig. 4.5.a. Point D indicates the position of the
4 mm sampling sphere at t6. See appendix A.4.S4 for a movie of this figure.

originates from two conical low-density heterogeneities (E) at the base of the core.
Furthermore, the dashed region in fig. 4.9.b from the base of the core up until the
lower dehydration fracture at E, was damaged during testing and subsequently this
region fell off when the core was extracted from the pressure vessel. For the first
∼10 min of experimentation the applied strain rate is 1 × 10−6 s−1 up until 7 MPa,
after which it is corrected to 1 × 10−7 s−1 for the remainder of the test. During
this period of increased strain rate, in the centre region of the minor fracture (C-D)
an increase in σTρ occurs, the spacial distribution of which is captured at the ■
snapshots indicated in fig. 4.9 and displayed in fig. 4.10. For a movie of both figures
see appendix A.4.S6. While the first two time-steps ■1 - ■2 show almost the same
distribution, the third ■3 indicates an increase in magnitude and upward move-
ment. This is then followed (■4 - ■6) by an increase in distribution and magnitude.
Shortly afterwards a subsequent reduction in σTρ occurs. In order to improve sensi-
tivity to subsequent changes, a reference point at 105 h is selected. The results from
this redefined reference show an increase in σTρ

within a region coinciding with the
two low-density heterogeneities (E), and in a region around the upper dehydration
fractures (F). See the • snapshots indicated in fig. 4.9 and displayed in fig. 4.11. For
a movie of both figures see appendix A.4.S7. This centre of maximum σTρ

around
E moves downward as it increases (•1 - •3), up until 130 h, at which point a gradual
reduction begins. During •1 - •3 we also note a region of increasing σTρ around the
upper dehydration fracture F. After peak stress is reached at ∼167 h a rapid redis-
tribution of σTρ

over the main fracture plane occurs (Region A curve in fig. 4.9.a),
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Figure 4.7: The 58% Sw sample sliced along the fracture plane A-B, for time steps ■1 to
■6 as indicated by the ■ symbols in fig. 4.5.a. Points A and B indicate the position of the
4 mm sampling sphere at t6. See appendix A.4.S4 for a movie of this figure.

which increases post-failure, between •5 and •6. This re-activation of the region
surrounding the main fracture plane is spatially captured by the □ snapshots shown
in fig. 4.12 and movie in appendix A.4.S7, which shows minimal increase between
□1 and □2 prior to peak stress, followed by increased distribution □3 − □6 after
failure.
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Figure 4.8: The 58% Sw sample sliced along the x-z plane for time steps •1 to •6 as indicated
by the • symbols in fig. 4.5.a, and a reference at 90 h. Points A and D indicate the position
of the 4 mm sampling spheres at t6. See appendix A.4.S4 for a movie of this figure.

Comparative analysis

For each of the samples of varying initial Sw, an initial increase in σTρ is determined,
based on the criterion of an increase in both its rate-of-change and spatial focus.
This point is marked in figures figs. 4.2, 4.5 and 4.9 by a ⋆. For both the 70 and
58 % Sw samples an increase in localised σTρ

is found at ∼14 MPa, while for the
28 % Sw this occurs at 6.5 MPa, see fig. 4.13. Additionally, we identify a negative
correlation between Sw and the peak differential stress achieved during each test.
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Figure 4.9: (a) Monitoring of the 28% Sw sample, showing the development of σTρ at the
base and tip of the main fracture, and in a region surrounding the high-density impuri-
ties. Note the dashed, Region B curve is only shown for the fixed-reference distribution
at the beginning of the stress increase. The annotated ⋆ indicates the identified point at
which σTρ first localises, while •, ■, and □ indicate the snapshots displayed in figs. 4.10
to 4.12. (b) X-Ray post-deformation major (A-B) and minor (C-D) shear fractures, with
preexisting dehydration fracture planes above and below F, and below E. Two low-density
impurities present in the sample are indicated at point E. The dashed regions below E
was damaged during testing, and therefore was not present during X-Ray tomography. See
appendix A.4.appendix A.4.S2 for an isometric view rotation of the fracture network.
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Figure 4.10: The 28% Sw sample sliced along the minor fracture plane C-D, for time steps
■1 to ■6 as indicated by the ■ symbols in fig. 4.9. Point D indicates the position of the
4 mm sampling sphere at t6. See appendix A.4.S6 for a movie of this figure.
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Figure 4.11: The 28% Sw sample sliced along the x-z plane for time steps •1 to •6 as
indicated by the • symbols in fig. 4.9. Points A and E indicate the position of the 4 mm
sampling spheres at t6. Point F indicates the dehydration planes; point E the low-density
inhomogeneities; and B the main fracture tip. See appendix A.4.S7 for a movie of this
figure.
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Figure 4.12: The 28% Sw sample sliced along the main fracture plane A-B, for time steps
□1 to □6 as indicated by the □ symbols in fig. 4.9. Point A indicates the position of the
4 mm sampling sphere at t6. See appendix A.4.S7 for a movie of this figure.
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Figure 4.13: Comparison between the interpreted onset of localised inelastic strain on the
left axis, and differential peak stress on the right axis, vs initial water saturation of each
core sample.
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4.4 Discussion

4.4.1 The development of the fracture network as interpreted from the
distribution of scattering cross-section

The application of CWD inversion in monitoring the triaxial deformation of three
mudstones of varying initial water saturation, indicates progressive and repeated
re-distribution of inelastic strain within the rock following strain localisation events.
Here we define microscopic inelastic strain as associated with closure, opening or
shearing along microscopic fractures, while macroscopic inelastic strain refers to the
coalescence of microscopic cracks into a large shear fracture. A region of increased
σTρ

indicates initial localised microscopic inelastic strain and eventually the for-
mation of macroscopic fractures. An increase in spatial distribution indicates the
growth of a cracked region, while the increase in magnitude of σTρ indicates either
an increase in the crack density and/or an increase in the impedance contrast be-
tween the cracks and the rock matrix, which can be interpreted as a change in the
aperture of the cracks/fractures.

For the most saturated sample there are three stages of increase, followed by a
decrease in σTρ at the base of the main shear fracture (point A in fig. 4.2.b ). This
suggests initial localised strain occurs, which is subsequently closed as the stress
is reduced and redistributed throughout the rest of the sample. The reactivation
of the same region and the increase in both the distribution (spatial extent) and
magnitude of σTρ

suggests an increase occurs in the width, and aperture of the
fracture, respectively. This is evident when viewing the slice along the fracture
plane (fig. 4.4 or the S.3 movie), where only after reactivation at 98 h (•3) does the
spatial distribution of σTρ notably increase at both the base (A) and tip (B) of the
fracture. The subsequent reduction in σTρ

distribution at the tip (B) and increase at
the base (A) before (•4 − •5), and after (•5 − •6) failure, indicates that the fracture
plane grows laterally at the base while the tip closes up. Further, the observed
reduction in the maximum rate-of-change in σTρ

over the first three activations at
the fracture base (dashed curve in fig. 4.2.a) suggests a linear reduction in the rate
at which the micro/macroscopic fractures open.

The distribution of σTρ
during the 58 % Sw test also displays a process of con-

tinuous re-distribution of stress, though in this case between a region corresponding
to the minor (C-D) and major (A-B) fractures in fig. 4.5.b. Initially, in a region
surrounding the minor fracture (C-D) at ∼82 h, we interpret the formation of mi-
croscopic inelastic strain. Growth occurs in both magnitude and distribution at
∼89 h (see ▲4 in fig. 4.6 or S.4 movie), indicating larger scale coalescence occurs
at this point. At 98 h, the main fracture appears to initiate, from the base (A)
towards the tip (B), and eventually fails the sample. Throughout the test we iden-
tify approximately four stages of redistribution in σTρ

(see •1 − •4 in fig. 4.8 or S.5
movie) between the minor and major fracture. This is interpreted as several stages
of opening and closure of initially microscopic and eventually macroscopic fractures,
as stress redistribution occurs.

The sample with the lowest initial water content (28 %Sw) with its major (A-B
in fig. 4.9.b), and minor (C-D) fractures, show a similar process of re-distribution of
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σTρ . However, a notable difference with this sample is the presence of the two low-
density, approximately conical heterogeneities (region E in fig. 4.9.b) at the lower end
of the core. These are interpreted as the void left by the exoskeleton of gastropods
such as the Neptunea contraria [Linnaeus, 1771]. The distribution of σTρ

supports an
interpretation where initially the minor fracture (C-D) experiences localised strain at
the base of the core, during the initial region of increased strain-rate, see snapshots
■ in (fig. 4.10) or S6 movie. This is followed by gradual prolonged fracturing of a
large region surrounding the low-density impurities, see •1 −•4 in fig. 4.11 or the S.7
movie. Subsequently, the major shear fracture (A-B) develops (□4 − □6 in fig. 4.12
and •5−•6 in fig. 4.11 or the S.7 movie) close to the peak stress, and the failure of the
sample. This interpretation is supported by the fact that the region surrounding the
interpreted marine exoskeletons (E) was fractured to the point that it fell off the end
of the sample once removed from the pressure vessel. Additionally, the concentration
in σTρ

between the two preexisting dehydration fractures (F), particularly between
•2 − •3 in fig. 4.11, indicates that either a change in compliance occurs over these
interfaces, or microscopic changes occur within the region between them (a layer of
different mineralogy or microstructure).

In summary, for all tested samples the identified localisation in σTρ was found
early on during deformation, between 7 % and 36 % of the peak differential stress.
We therefore interpret this initial localisation in σTρ

, not as the formation of macro-
scopic coalesced shear fractures but primarily driven by distributed intergranular
opening, closure, and shearing at the microscopic scale. A similar conclusion was
reached in a recent study by McBeck et al. [2018] on the Green River shale, during
which core samples were time-lapse imaged by X-Ray microtomography while under
confining pressure. The identification of localised strain regions became apparent at
35 % of the peak differential stress, preceding macroscopic shear failure. This value
is consistent with the upper limit of the range reported here. Further, McBeck et al.
[2018] also demonstrate that microscopic opening, closure, and shearing work to-
gether to eventually produce macroscopic shear failure. Their observations support
our interpretation of a complex timeline of locally increasing (opening or shearing)
and decreasing (closure of micro/macroscopic fracturing) σTρ up until failure.

4.4.2 The impact of water saturation

The Whitby mudstone plugs display an increase in strength and a reduction in plas-
ticity with a reduction in water saturation. The primary mechanism driving these
changes is expected to be an increase in the capillary suction within the pore space
of the mudstone [Erling et al., 2008; Ramos da Silva et al., 2008]. As the pore-fluid
evaporates from the mudstone, a reduction in the pore-pressure occurs, leading to a
tensile stress or negative pressure, and finally a change in compliance (or stiffness)
between individual grains [Onaisi et al., 1994; Forsans and Schmitt, 1994; Ewy,
2014]. This ultimately leads to an increase in the strength and a reduction in the
plasticity of the material. Our experimental results corroborate this relationship
which has been recently confirmed for the Whitby [Douma et al., 2019] as well as
other mudstones [Vales et al., 2004; Ramos da Silva et al., 2008; Ghorbani et al.,
2009]. Furthermore, the comparison between the identified onset of inelastic strain
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(microscopic damage), and initial water saturation suggests a non-linear relation-
ship, see fig. 4.13. However, this may be also due to the added inhomogeneity of
the low Sw sample (the low-density heterogeneity), or the higher initial strain-rate,
and therefore more measurement points are required to statistically validate this
argument.

As no AEs were detected during passive monitoring of the samples, this suggests
that the brittle failure necessary to generate AEs is insufficient [Main, 1990] to
overcome the environmental noise.

4.4.3 CWD: An effective real-time fracture monitoring tool

This study on samples from the WMF indicates that CWD inversion has the po-
tential to image the initiation, propagation and branching of fractures or other
heterogeneities, tested under realistic subsurface conditions (stress, pressure, tem-
perature). While there are several other techniques which provide spatio-temporal
information on inelastic strain at in-situ conditions, they often require substantial
investment in equipment and post-processing, or are inherently less sensitive to
subtle localised microscopic changes.

Time-lapse synchrotron micro-tomography undoubtedly provides the highest
spatial resolution, as it is able to resolve the detailed structure of macroscopic frac-
tures [Renard et al., 2017, 2018], and microscopic strain localisation through digital
volume correlations [Kandula et al., 2018; Mao et al., 2019; Mao and Chiang, 2016;
McBeck et al., 2018]. The main limitation of this method is that it requires access to
an X-ray beam in a synchrotron of sufficient energy to image a sample housed within
a bespoke pressure vessel. Further, the maximum sample size is strictly constrained
by both the spatial and temporal resolution requirements.

Traditional acoustic imaging methods such as velocity tomography, while more
affordable, and able to provide sufficient spatiotemporal resolution to resolve the
region around macroscopic fractures [Jansen et al., 1993; Brantut, 2018; Aben et al.,
2019], have not shown sensitivity to microscopic inelastic strain localisation.

Passive AEs monitoring is a well established technique in experimental rock me-
chanics, and with a sufficiently accurate velocity model provides a spatio-temporal
indication of the occurrence of brittle failure [Lei et al., 2004; Aben et al., 2019;
Brantut, 2018; Jansen et al., 1993; Sarout et al., 2017]. However, as demonstrated
by this study on the WMF, AEs monitoring relies on the existence of seismicity of
sufficient magnitude and frequency to be detected by the available sensor network.
For clay- or calcite-rich rocks, where inelastic deformation can develop in a plastic,
relatively silent fashion [Peng and Yang, 2018], AEs monitoring is a less suitable
method to determine the onset of inelastic strain. Further, both active and passive
monitoring methods require time consuming pre-processing steps, such as first ar-
rival picking, and the construction of a velocity model, thereby limiting their utility
in real-time monitoring.

In summary, CWD inversion monitoring requires little to no additional invest-
ment in equipment where acoustic monitoring is already available. Further, it is
more sensitive to subtle changes in scattering or velocity than methods which rely
on the coherent arrivals [Zotz-Wilson et al., 2019], and once appropriate inversion pa-
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rameters are determined for a particular lithology and receiver arrangement, quasi-
real-time monitoring is feasible. While CWD inversion cannot provide the same
spatial resolution as synchrotron micro-tomography, it appears to demonstrate sim-
ilar sensitivity to the onset of microscopic inelastic strain.

4.5 Conclusion

The CWD inversion monitoring of the Whitby mudstone during triaxial compaction,
indicates that the formation of inelastic strain localisation occurs at less than 36 %
of peak stress. The AEs monitoring indicates that these inelastic processes occur
mostly through plastic deformation, while the comparison of different Sw suggests
a non-linear relationship with the onset of strain localisation. In general, the appli-
cation of CWD inversion to what is ostensibly an aseismic mudstone, has enabled a
qualitative discussion of the time and location at which initial microscopic inelastic
strain (opening, closure, and shearing) develops. Furthermore, subsequent stages of
reactivation and eventual macroscopic shear failure are discernible.

Acknowledgments

We would like to thank David Nguyen and Stephen Frins at CSIRO’s Geomechanics
and Geophysics Laboratory, for their assistance during the experimentation. The
assistance provided by Joost Van Meel at TUDelft in post processing the CT-scans is
also much appreciated. Further, the funding provided by the Dutch Upstream Gas
top-sector initiative (project TKIG01020) and our industry partners EBN B.V.,
Engie E&P NL B.V., Wintershall Noordzee B.V., and Baker Hughes NL B.V. is
acknowledged. Furthermore, we would like to acknowledge the use of the open-
source python module pyVista [Sullivan and Kaszynski, 2019], which is used to
visualise all of the 3-D fracture networks, and CWD inversion results.



5
Conclusions and recommendations

In this final chapter a summary of the major findings and conclusions of this thesis
are presented. This is followed by specific recommendations addressing the three
research objectives outlined in section 1.4. Finally, a general research framework is
recommended with the aim of developing coda-wave derived, truly precursory early
warning systems.

5.1 Conclusions

5.1.1 Conclusions from chapter 2

In chapter 2, the issue of excessive decorrelation when performing interferometry
between a reference and a perturbed material state is discussed. For a continuously
evolving medium, failure to ensure sufficient similarity between material states, will
eventually result in a spurious correlation, and therefore the loss of sensitivity to
change. Due to the serially correlated nature of geophysical time-series, estimat-
ing the statistical significance of such a correlation is not a trivial problem, with
various approaches suggested over the past few decades [Zwiers, 1990; Ebisuzaki,
1997; Hanson and Yang, 2009]. This principle is experimentally demonstrated by a
fixed reference comparison during the ultrasonic monitoring of an initially unstressed
sandstone core. As uniaxial stress increases, a rapid loss of correlation occurs, with
both CWI and CWD displaying insufficient sensitivity to determine the onset of
inelastic deformation. While previous practitioners have opted to manually update
the reference when a decay in sensitivity is observed, doing so represents a discon-
tinuity in the quantity of interest. This has issues in terms of both one’s ability
to interpret the data, and in a monitoring sense, the timeliness and robustness of
the system to environmental changes. As a result, its utility within early warning
detection systems is reduced. As an alternative, this chapter demonstrates that
through the choice of a rolling reference, both CWI and CWD are able to monitor
the evolution of a material in terms of the relative velocity change [δv/v]roll

sum and
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the rate-of-change in the scattering coefficient K(|ġ0|). Furthermore, precursory
indicators are determined from the trend lines of both the [δv/v]roll

sum and K(|ġ0|),
to the classically determined material yield-point. These coda-derived methods are
compared with changes in the Time-Of-Flight [δv/v]T OF of the first arrivals, which
for three samples and two different lithologies shows no precursory indication to the
yield-point. In summary, within experimental rock mechanics the use of rolling-
reference coda-wave monitoring enables the continuous evolution of both sample
velocity and scattering power to be determined, and in turn provides for improved
characterisation of different lithologies under various perturbations. Furthermore,
it is suggested that outside the confines of this study, this simple modification,
in combination with active-source monitoring, is well suited to early warning de-
tection systems. In particular, applications where the likelihood of failure is low
and the severity is sufficiently high to justify investment in active source infras-
tructure. Possible applications discussed are structural health monitoring of critical
infrastructure, such as dams, bridges, and nuclear reactors, or environmental hazard
monitoring of landslide, mudslides, or volcanoes.

5.1.2 Conclusions from chapter 3

In chapter 3, coda-wave derived monitoring methods are applied to track the changes
in material properties during the pore-pressure depletion of samples from the seismo-
genic Groningen gas field. Either linear continuous, or cyclical depletion is applied,
beginning at pre-production reservoir pore-pressure of ∼35 MPa, and moving to-
wards maximum depletion of 3 MPa. In addition to the active source ultrasonic
monitoring, detailed micro-structural analysis of pre and post depletion samples
is conducted, along with Acoustic Emissions (AE) monitoring on a single sample.
Both CWI and CWD are applied, as well as MLTWA in order to determine the
relative changes in scattering ScQ−1 and intrinsic IQ−1 attenuation. The combi-
nation of all these data, with the theory of elastic wavefield propagation within
fluid-saturated porous media [Biot, 1956], enables insight into the evolution of grain
scale compaction. Within the context of the research objectives of this thesis, this
chapter works towards improved characterisation of inelastic deformation within
experimental rock mechanics. A summary of the main conclusions of this chapter
are:

• The proportion of inelastic strain due to pore-pressure depletion does not pro-
gressively increase, but occurs in serial stages of predominantly intergranular
closure, transitioning into predominantly intergranular slip/cracking. With
continued depletion, and a suitably weak grain structure, the pervasive forma-
tion of intra/transgranular cracks is expected. These findings are supported
by a conceptual model, as related to the high-frequency Biot-type viscous
resistance to fluid flow.

• Samples with high initial porosity ϕ0 > 27 %, display a total increase in IQ−1

suggesting that intragranular cracking of the grains dominates over the total
closure of preexisting cracks. This is in contrast with the observed total relative
reduction in IQ−1, noted for samples of lower ϕ0, suggesting that the total
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closure of crack space dominates. These findings are strongly supported by
literature.

• The identification of a transition from the reservoir coring pressure to virgin
pore-pressure is identifiable within the acoustic response of the core. Specifi-
cally, an increase in K(|ġ0|) is clearly identifiable, indicating an increase in the
rate-of-change of the scattering power g0 of the medium. Further, this tran-
sition is also marked by a stabilisation in the reduction of IQ−1 for samples
ϕ0 < 27% and an increase for those ϕ0 > 27%. This suggests an increase in
crack density occurs within this region. These points are further supported
by a three-fold increase in the rate of AE per strain as virgin pore-pressure is
reached.

In addition to the immediate implications on the grain-scale processes, further dis-
cussion is provided on the associated implication to both the development of geome-
chanical models, and the feasibility of field scale monitoring.

5.1.3 Conclusions from chapter 4

In chapter 4, three Whitby mudstone core samples of different initial water sat-
uration are triaxially compacted over a period of days. The acoustic response is
monitored via both active ultrasonic, and passive AE with a network of receivers.
From the impulse response of each active survey, CWD inversion is performed en-
abling the localisation and evolution of scattering cross-section σT changes in three
dimensions throughout compaction. Analysis of these data for all samples, indicates
that at less than 36 % of peak stress the onset of localised inelastic strain occurs,
which correspond with the post-deformation X-ray images of the fracture network.
These localised changes are followed by several stages of redistribution and reactiva-
tion up until, and after failure. This indicates that the evolution from microscopic
to macroscopic fracturing is not a process of continuous development, but occurs in
serial stages of reactivation. Importantly, in all experiments, no AE were detected,
which suggests that these clay-rich mudstones deform mostly plastically, and there-
fore the study of fracture formation cannot rely on AE monitoring. In summary,
this chapter demonstrates that through CWD inversion of an aseismic mudstone, the
qualitative analysis of the time and location at which initial fracturing and growth
occur, is possible. This has important implications on the study of samples under
in-situ conditions, as it provides a highly sensitive imaging method, which requires
little additional investment where acoustic equipment already exists.

5.2 Recommendations and outlook

The use of coda-wave derived monitoring methods have gained in popularity within
the geophysics and NDT communities, particularly over the past decade. However,
the application of these techniques within operational monitoring systems is a work
in progress. Additionally, there are unexplored opportunities for the use of such
methods within experimental rock-mechanics laboratories. In line with the objec-
tives of this thesis as outlined in section 1.4, the following recommendations are
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separated into three main areas; (i) the advancement of the utility of coda-wave
derived monitoring methods (section 5.2.1); (ii) the improved understanding of the
relationship between material property changes through the lens of the coda-wave
(section 5.2.2); (iii) the development of coda-wave derived imaging as a tool to
investigate inelastic changes within laboratory testing.

This section will conclude with a discussion of a possible research approach,
with the aim of developing truly precursory, robust Early Warning Systems (EWS)
through coda-wave monitoring.

5.2.1 The utility of coda-wave derived monitoring methods

Where one wishes to employ the sensitivity benefits of the coda-wave within the
operational monitoring of either long-term transient, or sudden large changes in a
certain material quantity, three main requirements should be met:

• A repeatable source. The decision to use ambient noise interferometry, should
only be made in scenarios where this does not come at the cost of the sensitivity
of the monitoring system, or the stability of the system to environmental
changes. Where possible, active source monitoring is the preferred choice, as
it enables the design of the system to be optimally sensitive to the expected
changes in material properties.

• The use of a rolling-reference waveform should be made where cross-correlations
between successive measurements throughout monitoring are performed. This
choice removes the associated ambiguity of selecting a fixed reference point,
while ensuring the monitoring system does not result in a spurious correlation.

• The repeat measurement period must be sufficiently small such that it is able
to resolve the maximum expected rate-of-change in the material quantities of
interest.

It is suggested that through the careful consideration of these requirements, the
feasibility of using the coda-wave within operational monitoring systems is greatly
improved.

5.2.2 Phenomenological observations through the coda-wave lens

On a very basic level, this thesis should provide significant motivation to all exper-
imental rock-mechanics laboratories, to make coda-derived monitoring a standard
part of their experimentation. This represents little-to-no additional investment for
those who already apply P and S-wave velocity monitoring, however further research
is required into the response of the coda-wave under different inelastic, grain scale
processes.

In rock mechanics, there are essentially two components of investigation; (i) ex-
perimentation which aims to characterise samples through repeat measurements,
thereby building statistical significance; and (ii) theoretical/numerical modelling
which works from first principles to model these processes. As in many technical
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fields of research, one cannot do without the other, since there must exist a contin-
uous process of cross-check between the two. Therefore, in order to get the most
out of coda-wave monitoring within experimental rock mechanics, advances must be
made in the theoretical description of the expected physics of wavefield propagation
through the grain structure. It is therefore recommended, that efforts are made to
unify numerical modelling of grain-scale fracture formation, with wavefield propa-
gation. This would enable better comparison between the experimentally observed
coda-wave signature, and the evolution of changes at the grain-scale. An example
of numerical modelling of poroelastic wavefield propagation is the thesis of Blanc
[2014], which if unified with fracture formation models [Gao et al., 2016] would be
a first step in this direction.

5.2.3 Towards improved coda-wave derived imaging of change

The ability of CWD inversion to image the change within a medium is defined by
the closeness that the employed sensitivity kernels approximate the diffusive prop-
agation of energy within. The quality of these kernels, for a particular monitoring
application, is therefore a crucial component governing the success of CWD inver-
sion. In recognition of this, recent efforts have focused on either the derivation
of kernels to include single scattering effects [Margerin et al., 2016; Nakahara and
Emoto, 2017], or the influence of boundary conditions through numerical modelling
of the diffusive transport of energy [Kanu and Snieder , 2015; Xue et al., 2019]. In
this thesis the kernels used to locate change within the laboratory core assume that
diffusive energy propagates within a homogeneous, infinite medium. Therefore the
effects of the core boundary geometry, and in-situ heterogeneity are neglected. In
order to improve the application of CWD inversion towards imaging fracture for-
mation within the laboratory setting, it is recommended that efforts are made to
numerically calculate the diffusive kernels within the core. A favourable workflow
to achieve this would be:

• To firstly build a velocity/density model of the core from the pre-deformation
X-ray, and Magnetic Resonance Imaging (MRI) scans. This would allow
both the layered nature of lithology such as mudstones, and any large hetero-
geneities to be included into the diffusive approximation of energy transport.

• Secondly the numerical modelling of diffusive energy transport within the con-
structed velocity/density model is required. This must be undertaken for each
source - receiver pair available within the experimental setup, thereby enabling
the constructions of numerically determined sensitivity kernels which include
the pre-deformation structure of the core sample.

All subsequent processing steps remain essentially unchanged, as the numerically
determined kernels simply replace those which were analytically determined. An
advantage of this approach is that the selection of window positions would not have
to be constrained to the coda-wave where diffusive propagation occurs, as numerical
modelled kernels includes the single scattering intensity [Margerin et al., 2016].
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5.2.4 Towards truly precursory early warning systems

The vast majority of Early Warning Systems (EWSs) to material changes can be
classified as passive, since they are only sensitive to a perturbation which is ob-
servable at the boundary of the region of interest. Landslide EWSs typically use
acoustic emissions, often in combination with other indicators such as the velocity
of the landslide face, or rainfall intensity [Pecoraro et al., 2019]. Operational Earth-
quake Early Warning (EEW) systems rely solely on the actual detection of earth-
quake events, and therefore only provide value where the epicentre is sufficiently
far form population centres. While landslide EWSs are able to provide between
a few seconds (when operating as an alarm system) to one day of warning (when
forecasting), EEWs typically only achieve between a few seconds to tens of seconds.
As a result of the small lead time, the complexity of the alert criterion is able to
be kept relatively simple, consisting of thresholding set by empirical measurements.
However, where the objective is to detect and issue automated precursory warnings
to a hazardous event, whether that be in the region of a large fault zone, a land-
slide, or critical infrastructure, the complexity of the signatures and therefore alert
criterion is increased.

In order to combine the increased sensitivity available through active source
monitoring, with the increased complexity of alert criteria within an EWS, it is rec-
ommended that a Machine Learning (ML) approach is adopted. Specifically, Deep
Neural Networks (DNNs) have the capability to generalise a large non-linear distri-
bution of detection scenarios, and once trained the computational effort and time
required in data processing is negligible. This makes a well trained DNN highly
portable, and therefore capable of efficiently operating on a continuous stream of
data, without the latency associated with transmitting large quantities of raw data
to a processing centre. The successful implementation of supervised ML methods
requires labelled training data, however, due to the very nature of geophysical prob-
lems, the true earth model (the labelled data) is almost never known. It is for this
reason that the recent applications of DNNs in EEWs are trained on labelled cata-
logues of detected earthquakes [Perol et al., 2018; Wu et al., 2017, 2018; Wiszniowski
et al., 2014], and therefore provide no precursory predictive power.

In order to make the first steps towards addressing both the lack of precursory
predictive power, and the lack of available training data, a workflow which incor-
porates numerical waveform propagation [Afanasiev, 2018] is suggested. Such an
approach would enable the generation of a sufficiently large labelled training set,
covering numerical simulations of a particular material perturbation. While this
requires substantial computational resources, once trained such a network has the
potential to be used in real-time prediction scenarios [DeVries et al., 2017].

It is suggested that this approach is also able to simultaneously detect and locate
a perturbation. A particular advantage of applying DDNs to solve what is effectively
the CWD inverse problem, is that they have the potential to learn for the influence of
complex boundary conditions and medium inhomogeneities, thereby circumventing
the need to first numerically calculate suitable sensitivity kernels. Specifically, it is
suggested that the type of DNN most suitable to both the detection and location
problem are Recurrent Neural Networks (RNNs) which are commonly used in trigger
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word detection [Chen et al., 2015] and machine translation [Cho et al., 2014], as they
are able to encode the sequence of information. An example of a possible network
structure to validate this for a 1D medium is given in appendix A.5.

In summary, the suggestion to train DNNs on synthetic data which sufficiently
generalises the underlying physics, allows one to assess the feasibility of using ac-
tive source coda-wave monitoring to provide truly precursory information within
EWSs. Furthermore, the validation of this concept within synthetic models would
provide considerable strength to the argument that active source monitoring sys-
tems are capable of delivering a step-change within EWSs. In other-words, while
the majority of EWSs can be considered as reactive to changes which are observable
at the boundaries of a region of interest, active source monitoring systems can be
considered as proactive, in their investigation.
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Chapter appendices

A.1 Yield-point identification

The yield point of a stress(σ)-strain(ϵ) curve is determined by a search for the end
of the linear region between the minimum and maximum σ. This is achieved by
fitting q lines of length m to the trend as described by,

σfit
i = β0 + β1ϵi, (A.1.1)

σfit
i (ϵ) =


σfit

1 (ϵ) ϵ1 ≤ ϵ ≤ ϵ1+m

σfit
2 (ϵ) ϵ2 ≤ ϵ ≤ ϵ2+m

...
σfit

q (ϵ) ϵq ≤ ϵ ≤ ϵq+m

.

The end of the linear region (q + m = yield) is selected at the end of the line
σfit

q (ϵyield), which meets the following criterion,

• The maximum slope β1, where

• The fitting error at the end of the line ∆(σfit
q (ϵyield), σ(ϵyield)) < 2%.

The length of m is selected to be approximately half the length of the linear elastic
region in terms of sample points. The yield point is then defined at (σfit

yield, ϵfit
yield).
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A.2 Additional pore-pressure figures
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Figure A.1: The 123BV 24.68 % porosity sample depleted at 0.6 MPa h−1 with the UPPD-
MC protocol. a) Monitoring of the decorrelation coefficient K(|ġ0|) with a reference lag of
50 min and the relative changes in attenuative coefficients ∆Q−1, ∆ScQ−1, and ∆IQ−1.
b) The CWI derived relative velocity change dv/vcoda are compared with the axial strain.
c) Acquired waveform showing the 0.1 ms E1 and 0.25 ms E3 windows.
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Figure A.2: The 137AV 19.2 % porosity sample depleted at 0.6 MPa h−1 with the UPPD-
MC protocol. a) Monitoring of the decorrelation coefficient K(|ġ0|) with a reference lag of
50 min and the relative changes in attenuative coefficients ∆Q−1, ∆ScQ−1, and ∆IQ−1.
b) The CWI derived relative velocity change dv/vcoda are compared with the axial strain.
c) Acquired waveform showing the 0.1 ms E1 and 0.25 ms E3 windows.
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Figure A.3: Comparison of the relative change in the intrinsic attenuation ∆IQ−1

at maximum depletion vs a) average grain size, b) The fraction of weak minerals
(Kfs(leached)+dol+kao+chl), and c) Initial Permeability.
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A.3 Supplementary information for chapter 3

Contents (Files uploaded separately)

[1] Backscattered electron (BSE) mosaics S1

[2] Acoustic, mechanical, and microstructure data S2

[3] Python based processing module pyCoda S3

Backscattered electron (BSE) mosaics S1.

Section-scale backscattered electron (BSE) mosaics were prepared using a FEI Helios
Nanolab G3 scanning electron microscope, employing an acceleration voltage of 10
kV, beam current of 1.6 nA, and a working distance of 4 mm. See file CrackMapping-
123.pdf available via
https://doi.org/10.4121/uuid:45955068-7b0b-4b51-84f0-500a1c4cf63a.

Acoustic, mechanical, and microstructure data S2.

Raw and processed data for all UPPD/UPPD-MC pore-pressure experiments as well
as the corresponding Acoustic Emissions raw and processed data. All data is stored
within Hierarchical Data Format (HDF5) within file data.zip, and is freely available
via
https://doi.org/10.4121/uuid:45955068-7b0b-4b51-84f0-500a1c4cf63a.

Python based processing module pyCoda S3.

Processing code developed for the analysis of the raw data is available via DOI
10.5281/zenodo.3255940 or the github repository https://github.com/rdzotz/Coda-
Analysis.

https://doi.org/10.4121/uuid:45955068-7b0b-4b51-84f0-500a1c4cf63a
https://doi.org/10.4121/uuid:45955068-7b0b-4b51-84f0-500a1c4cf63a
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A.4 Supplementary information for chapter 4

A collection of movies supporting chapter 4 are available via
http://doi.org/10.4121/uuid:dc3627dd-8434-4fa3-a4f0-b886c31c1ce2. In order to in-
teract with the material please download and open with an Adobe Acrobat reader.

Contents (Files uploaded separately)

[1] Isometric rotation of the post-deformation fracture networks S1

[2] Time-Lapse movie of the Coda-Wave Decorrelation inversion results for sample
70 % Sw - S2

[3] Time-Lapse movie of the Coda-Wave Decorrelation inversion results for sample
58 % Sw - S3

[4] Time-Lapse movie of the Coda-Wave Decorrelation inversion results for sample
28 % Sw - S4

http://doi.org/10.4121/uuid:dc3627dd-8434-4fa3-a4f0-b886c31c1ce2
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A.5 One dimensional validation of RNN performance in diffusive
imaging
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Figure A.4: 1D description of a possible RNN training structure for the detection of a local
perturbation lpert, between an unperturbed uu(t) and perturbed up(t) waveform. The Su,p

represents the windowed spectrogram of the cross-correlation between uu(t) and up(t), which
is then pre-processed through a 1D convolution. This network consists of a RELU, GRU
and Sigmoid output layer predicting for each grid cell the presence of a perturbation. The
labelled training data Ŷ corresponds to the grid cells position of lpert.
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List of symbols and abbreviations

Symbols

The principal symbols used are alphabetically listed. Symbols formed by adding
overbars, primes or indices are not listed separately. Boldface type indicates vector
quantities.

Symbol Description Units

ϕ0 Initial porosity %
Q−1 Total attenuation -
ScQ−1 Scattering attenuation -
IQ−1 Intrinsic attenuation -
D Diffusivity m2 s−1

a1 Characteristic length of scatterers/fractures m
λ0 Dominate wavelength m
k0 Dominate wavenumber m−1

B0 Seismic albedo -
J0 Incident energy flux density W m−2

J1 Scattered energy flux density W m−2

σT Total scatterer cross-section m2

ρn Number density of scatterers m−3

g0 Scattering coefficient/power m−1

l∗ Mean free path m
τ∗ Mean free time s
Sw Water saturation %
d Distance m
S Source position vector m
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Symbol Description Units

R Receiver position vector m
r Position vector m
Dp Impulse response data cube -
tk Centre of correlation window s
tw Half correlation window width s
Km Measured data decorrelation coefficient -
KT Theoretical decorrelation coefficient -
Q(...) Sensitivity kernel -
Lc Correlation distance between model cells mm
σm Standard deviation of the model parameters -
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Abbreviations

AEs Acoustic Emissions
CWI Coda-Wave Interferometry
CWD Coda-Wave Decorrelation
DAWS Diffusing Acoustic Wave Spectroscopy
DWS Diffusing Wave Spectroscopy
DNN Deep Neural Network
EEW Earthquake Early Warning
ESW Early Warning Systems
GRU Gated Recurrent Unit
LVDT Linear Variable Differential Transformers
MRI Magnetic Resonance Imaging
ML Machine Learning
MLTWA Multi-Lapse Time Window Analysis
NDT Non-Destructive Testing
PSF Posidonia Shale Formation
RELU Rectified Linear Unit
RNN Recurrent Neural Network
SAFOD San Andreas Fault Observatory at Depth
SHM Structural Health Monitoring
SNR Signal-to-Noise Ratio
TOF Time-Of Flight
UCS Unconfined Compressive Strength
WM Whitby Mudstone
WMF Whitby Mudstone formation
XRD X-ray Diffraction
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