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A B S T R A C T

Irreversible damage induced by stress in brittle rock is accompanied by the forma-
tion of micro-cracks. The strain energy released during the fracturing process is
released in the form of acoustic emission. This thesis applied the non-intrusive
method of acoustic emission monitoring to assess the deformation process of brittle
rock during cyclical loading and loading to failure in a standard uniaxial compres-
sive strength test set-up. It is confirmed that the stress-strain curve is clearly sepa-
rated into five phases and that the cumulative hits recorded throughout the failure
process correspond with these five phases. Furthermore it is found that there is an
obvious rise in trend in the amplitude of the acoustic events as the rock nears failure,
but that individual events of high amplitude should not be considered indicative for
the damage in the rock. Additionally it is found that high amplitudes characteristic
for near failure stress are recorded at 25% of the failure stress if the rock has been
under high stresses, indicating a change in fracture mode. The Kaiser Effect, the
phenomenon defined as the absence of detectable acoustic emission events until the
load imposed on the material exceeds the previous applied level, was confirmed
during uniaxial cyclical loading. Through loading samples from a highly stressed
pillar in the Nepheline Syenite Stjernoya Mine in Norway, it is found that the onset
of acoustic emission may be indicative of the stress in the pillar. These findings are
useful to further develop acoustic emission as a monitoring method in a range of
applied earth science applications.
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1 I N T R O D U C T I O N

Due to the developments in modern electronics, complex monitoring systems to
monitor the progressive damage in rocks have become more and more feasible.
Monitoring the passive acoustic emissions is one of such methods. Recording
and analysing acoustic emission is used as a non-intrusive method for studying
and monitoring the damage process in materials such as rock, concrete, compos-
ites or metals under stress Pappas et al. [1998], Loutas and Kostopoulos [2009],
Hardy [2005],Sheng et al. [2019], Cox and Meredith [1993], Young and Martin [1993],
Mclaskey et al. [2010] or for monitoring processes which purposefully induce dam-
age such as hydraulic fracturing Li et al. [2019], borehole monitoring Hu et al. [2018]
or water jet drilling Sheng et al. [2019]. The reason that acoustic emission can be
used as a method for damage monitoring in materials is that stress induced irre-
versible deformation in brittle and semi brittle materials is accompanied by micro-
fracturing. A fraction of the strain energy released during this fracturing process
is released in the form of transient stress waves, known as acoustic emission. This
acoustic emission can be recorded by sensors such as a piezoelectric transducer,
making it possible to monitor the acoustic emission released during the deforma-
tion process of a material. Since the damaging process is irreversible (at least on the
short term), the process is cumulative and can therefore be monitored as such Cox
and Meredith [1993].

The different phases of deformation of brittle rock have been studied by many
researchers Hoek [1965], Bieniawski [1967], Brace et al. [1966], and Nicksiar and
Martin [2014] gives a conclusive account of the deformation of granite and the
related acoustic emission. It has been found that the stress-strain curve is clearly
separated into five phases; from unstressed rock to rock failure. These five phases in
the stress-strain curve can similarly be recognised in the release of acoustic emission.
An overview of the five phases including their acoustic response in terms of hits
recorded is shown in figure 1.1.

Figure 1.1: Phases of deformation in brittle rock, showing the axial- and radial strain as well
as the cumulative hits recorded during a uniaxial compressive test, based on
Nicksiar and Martin [2014]

Additional to the correspondence with the phases of deformation in brittle rock
another curiosity related to acoustic activity has been observed; the Kaiser Effect.
The Kaiser effect is the phenomenon defined as the absence of detectable acoustic
emission events until the load imposed on the material exceeds the previous ap-
plied level [Li and Nordlund, 1993] and was first observed in tensile tests on metals
by Kaiser [1950]. The Kaiser effect in rocks is similarly observed in the lab. The
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2 introduction

schematic graph in figure 1.2 visualises the manifestation of the Kaiser Effect occur-
ring during two loading cycles. The occurrence of the Kaiser Effect in brittle rock
has been observed by many Lavrov [2003], Holcomb [1993], Li and Nordlund [1993],
Kallimogiannis et al. [2017]. The retrieval of the stress history of a rock through
stress memory is considered one of the potential uses of the Kaiser Effect Holcomb
[1993], Lavrov [2003], Lehtonen et al. [2012], Momayez and Hassuni [1992],, Hugh-
son and Crawford [1986]. Using the Kaiser Effect to retrieve the in-situ stress from a
collected sample through uniaxial testing comes with complications since the uniax-
ial compression is not reflective of the in-situ situation Holcomb [1993], additionally
the direction of the uniaxial testing cannot deviate more than 10

◦from the direction
of the stress to be retrieved.

Figure 1.2: A schematic graph of the stress vs the cumulative acoustic events or ’hits’
recorded in two cycles under uniaxial compression

This research aims to use the new Richter system, a newly acquired piece of
equipment at the faculty of Geosciences and Civil Engineering; a multi channel
device which can record and process acoustic events. The acoustic data acquired
is used to confirm the occurrence of the Kaiser effect and to analyse the acoustic
events in terms of cumulative hits as well as the maximum amplitude recorded per
acoustic event and relate it to the progressive failure of brittle rock. Then finally
to research the potential for acoustic monitoring, combining both the findings re-
garding the Kaiser Effect as well as regarding the different phases of deformation.
These goals are pursued through two types of experiments performed in the uniax-
ial compressive test set-up; cyclical loading and loading to failure. These two tests
are performed on samples collected from two blocks from the Stjernoya mine in
Norway; one block of ore and one block collected from a highly stressed pillar.



2 K A I S E R - E F F E C T

2.1 the source of the kaiser effect
As a poly-crystalline medium such as a rock is under non-hydrostatic stress, e.g.
during the deformation of mine pillars, local tensile stresses within the rock are
generated on a micro scale. Brace et al. [1966], Bieniawski [1967] These local tensile
stresses are there due to local material mismatches such as differences in grain size
and contact stresses caused by irregularities in the grain boundaries of different
grains. Diederichs et al. [2004], Kranz [1983]. These local tensile stresses initiate the
formation of microcracks. Lockner [1993]. As a result a microcrack will develop
to maintain equilibrium. The microcracks grow by small jumps to the next equilib-
rium position, releasing part of the strain energy in the for of elastic transient waves.
Sayers and Kachanov [1995] [Costin, 1983]. The Kaiser effect is the phenomenon de-
fined as the absence of detectable acoustic emission events until the load imposed
on the material exceeds the previous applied level [Li and Nordlund, 1993] and was
first observed in tensile tests on metals by Kaiser [1950], a visualisation of the mani-
festation of the kaiser effect during a cyclical experiment is shown in figure 2.1. The
Kaiser effect is instigated as the damage surface, defined by the stresses previously
applied to the medium, is reached and surpassed by continued loading leading to
new crack growth with associated acoustic emissions, until the next equilibrium
position is reached. Holcomb [1993]

Figure 2.1: The manifestation of the Kaiser effect during experiments by Lehtonen et al.
[2012]

2.2 limitations of stress measurement using the
kaiser effect

From the moment the Kaiser effect was discovered, it has been considered to be a
potential method for finding the stress history of a material. It was widely believed
that through applying stress uniaxially the complete stress history of the material of
a rock could be retrieved, however a full understanding of the triaxial state of stress
play an elemental role for a correct application of the Kaiser effect for retrieving the
stress history of a rock [Holcomb, 1993]. Even in the simple case of uniaxial loading,
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4 kaiser-effect

acoustic activity starts before exceeding the previously applied stress.This activity
is possibly caused by frictional movement along existing cracks [Lavrov, 2003]. It
is found that to obtain a well pronounced Kaiser effect the load applied to the rock
should range from 30% to 80% of the peak strength of a rock Lavrov [2003]. The
reason for this is that this coincides with the range on the stress-strain curve from
the crack initiation threshold to the crack damage threshold as discussed in chapter
3.

In experiments executed by [Michihiro et al., 1992] stress is applied on a rock
in three cycles in which σI I I

I > σI
I > σI I

I . The tests demonstrated that if the rock
was held at σI I

I until strain recovery finished. The Kaiser effect of the third cycle
was observed at the stress of the second cycle rather than the first one. Therefore
it cannot be blindly assumed the rock properly ’memorises’ its’ stress history. This
consequently has a big impact on the possibility of stress measurements through
the Kaiser effect method.

For brittle rocks the effect of the time duration of the application of stress on the
Kaiser effect has been observed to be insignificant. [Lavrov, 2003] The influence
of time delay on the Kaiser effect has been observed to be much more significant.
However the discrepancy of the results of different researchers is quite large. Two
research teams have had observed very different results when doing research on the
Kaiser effect in a granite; one team found the Kaiser effect to be well-observed after
a 300-day period whilst another research team also researching a granite found that
the Kaiser effect was completely lost after a 20 day time period.

The coring process during which the cores used to obtain AE data and the Kaiser
effect can be limiting to the reliability as well as the presence of the Kaiser Effect.
Several elements in the coring process may play a role, these were summarised by
[Lehtonen et al., 2012]:

1. Stress is a second order tensor quantity which requires six independent quan-
tities for its specification. Therefore it is required to collect a core in all 6

directions, however drilling the cores itself will exert stress affecting the stress
history of the rock.

2. Additionally to the damage done during the core drilling process, the actual
stress applied to the rock has now been removed. Applying an unconfined
stress will not resemble the in situ stresses. This will affect the behaviour of
the sample.

3. The moment the core is drilled from the rock mass the stress is relieved and
this will affect the microcracks, as mentioned in more detail by [Lavrov, 2003].

4. Generally the experiments executed are not done on site, therefore during
transport and storage the samples are not protected from the environment,
which has unknown effect on the samples, due to drying or exposure to water.

5. It is important to investigate how representative the core sample is of the rock
mass or object within the rock mass that is being researched.

2.2.1 Directional sensitivity of the Kaiser effect

In the lab, the principal stresses are always known, however in the field, it is near
impossible to determine the principal stresses. In some situations it can be based
on the geology or on common sense, however in underground excavations, with
an ever-changing structure and stress distribution, the principal stress is difficult to
estimate and therefore estimations are often inaccurate. Thus for finding the stress
history of a rock it is important to know what the impact is of deviation from the
principal stress on the Kaiser effect. An experiment was performed by [Holcomb
and Costin, 1986] on granite for which stress was first applied on a large block af-
ter which cores were collected from the block for further testing. The experiment



2.2 limitations of stress measurement using the kaiser effect 5

demonstrated that the Kaiser effect is lost very quickly when the direction of the
stress applied on a core deviates from the stress applied on the large sample. The
Kaiser effect was detected only up to a deviation of 10

◦. This implies that determi-
nation of the stress history is very difficult. However in a situation where several
stress situations have existed in the same rock, the Kaiser effect could be used to
retrieve the stresses that have existed in different directions. This has the poten-
tial to be very informative if the direction and location of the sample collected are
known. Lehtonen et al. [2012] however was able to find the in-situ stress relatively
recently and concluded that using the Kaiser Effect as a method to determine the
in-situ stress is an enigma. Numerous complications are involved using the method
however several researchers have been able to determine the in-situ stress correctly,
including Lehtonen et al. [2012] himself.

2.2.2 Kilometre-scale Kaiser effect

The manifestation of the kaiser effect has not only been researched in the lab.
Heimisson et al. [2002] observed the manifestation of the Kaiser Effect on kilome-
tre scale in the Krafla volcano in Iceland. During the first volumetric change high
seismic activity is recorded and the seismicity correlates well with the volumetric
inflation. In the following cycles seismic activity is very low until the previous cycle
is exceeded and an abrupt increase in seismicity is observed. The manifestation
is especially clear in the first three cycles shown in figure 2.2. It is theorised by
Heimisson et al. [2002] that the decrease in clarity of the Kaiser Effect in the later
years is due to 5 earthquakes occurring in the area, completely altering the stress
field.

Figure 2.2: The occurrence of the Kaiser effect in kilometre scale in the Icelandic volcano, the
Krafla volcano





3 T H E B E H AV I O U R O F B R I T T L E R O C K
U N D E R C O M P R E S S I V E S T R E S S

3.1 fracture mechanics of brittle rock
Since the Kaiser effect and stress related acoustic emission in rock are connected
to the formation of microcracks during the deformation of a rock, it is important
to discuss fracture mechanics and the process of deformation. The field of fracture
mechanics can be said to have started with the theory by Inglis [1913], who found
a solution for the stress field around an ellipse. Griffith [1920] used the findings of
Inglis for an energy-balance approach for his theory of fracture mechanics.

3.1.1 Inglis’ Stress Concentrators

Elemental to the development of the Griffith’s theory was the stress analysis by
Inglis of an elliptical void in an uniformly stressed plate. Inglis’ analysis showed
that the local stresses at the tip of a void could be several times higher than the
applied stress. As descibed by Inglis a plate subjected to uniformly applied stress
σA containing an elliptical void, of height 2b and length 2c is shown in figure 3.1

Figure 3.1: Plate containing elliptical void, subject to uniform stress σA. C denotes the tip of
the void, interpretation from Lawn [1993]

The boundary of the elliptical void within the plate is given by:

x2

c2 +
y2

b2 = 1

7



8 the behaviour of brittle rock under compressive stress

The radius of curvature at the tip of the void, i.e. point C, in the case of b < c:

ρ =
b2

c

Point C is also the point of maximum stress concentration:

σC = σA(1 +
2c
b
) = σA(1 + 2

√
c
ρ
)

In the case of b << c, this reduces to

σC
σA
' 2

√
c
ρ

The ratio σC
σA

is an elastic stress-concentration factor. It can be immediately de-
duced that the concentration of stress depends on the shape of the void rather than
the size. However in practice these findings did not comply with the reality, as large
cracks tend to propagate easier than small cracks, violating the size-independence.

3.1.2 Griffith’s theory of crack mechanics

Griffith modelled a static crack as a reversible thermodynamic system and stated
that in a linear elastic material, brittle fracture initiation starts with tensile stresses
at the crack tips of thin cracks inherently present within an otherwise isotropic
material. Griffith looked for a setting in which the total free energy in a system
would be minimised; the crack would then be on the verge of propagation. This
means that crack extension occurs if the surface energy associated with the inter
molecular forces at the interfaces along the crack path equal the net reduction in
strain energy:

W = We + Ws

where W is the total potential energy, We is the stored elastic strain energy and
Ws is the surface energy per unit area of the crack surface. This means that an
increase in stress around a Griffith crack can be balanced by an in increase in strain
energy, an increase in the crack surface or through the combination of both. The
strain energy and and the surface area can be calculated as:

We =
πa2σ2

t
E′

and,

Ws = 4γa

Where σt is the applied uniaxial tensile stress required for crack propagation,
E′ is Young’s modulus in plane stress (thin plates) and E/(1− ν2) in plane strain
(’thick’ plates), γ is the surface energy per unit area of the crack surface and a is the
fracture’s half length. Solving for σt, it is established that crack extension occurs
when:

σt ≥
√

2E′γ
πa

Hoek [1965] showed that the Griffith theory is a reliable theory for the prediction
of the initiation of a single fracture but cannot explain the failure of a rock.
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3.1.3 The Hoek-Brown criterion

Hoek and Brown used the Griffith theory as a basis for their development of an
empirical approximation of failure of intact rock that fit shear failure conditions
for brittle rock under triaxial conditions. The following equation represents their
findings.

σ1 = σ3 + σc

√
mi

σ3

σc
+ 1

The focus of the research was on confined shear failure, assumed to be the control-
ling factor controlling the stability of small slopes and shallow tunnels. The tensile
strength of the rock was at the time not taken into account and was often assumed
to be zero. Over time the depth of excavations in civil and mining engineering, oil
exploration and oil recovery increased. Depths at which the tensile strength of a
rock plays a more important role. Specifically the manifestation of brittle fracture
resulting in splitting, popping, spalling and rockbursts in pillars and tunnels and
breakouts occurring in boreholes are tensile fracture processes. Since the findings
by Hoek and Brown largely through numerical approaches several theories crack
initiation and propagation have been developed.

In a review on fracture initiation and propagation in intact rocks of low porostiy,
Hoek and Martin [2014] concluded the Griffith provides a simplified model, based
on the initiation of fractures at inclined flaws, namely grain boundaries in the slid-
ing crack model. Discrete Element method numerical approximation has shown
that the force chain crack model is a viable alternative to describe the tensile frac-
ture initiation coalition, fracture coalescence, spalling and the final shearing of the
specimens at higher confining stresses. The force chain crack model is further ex-
plained in the next section.

3.1.4 Linear Elastic Fracture Mechanics Approach

Griffith’s theory led to the development of Linear Elastic Fracture Mechanics (LEFM).
The LEFM distinguishes three modes of crack loading. Mode I (opening mode), in
essence normal separation of the crack walls through pure tensile opening; Mode
I I (sliding mode), longitudinal shearing of the crack walls in a direction normal to
the crack tip and Mode I I I (tearing mode), lateral shearing to the tip of the crack.
These three modes are visualised in 3.2 . Of these three modes, Mode I is the most
relevant to crack propagation highly brittle solids such as rocks Lawn [1993] and
is therefore also expected to be the most prevalent mode of cracking in the exper-
iments performed by the researcher. These three models were used by [Atkinson,
1987] to summarise the basic foundations of LEFM:

1. A crack tip has a stress intensity factor, KI , KI I or KI I I dependent on the mode,
which corresponds to the induced stress at the crack tip.

2. The material surrounding the crack has a critical stress intensity, KIC, corre-
sponding to the strength of the material surrounding the crack tip.

3. The criterion for crack propagation is:

KI = KIC

4. The crack continues to propagate as long as the above expression is met and
won’t stop propagating until:

KI < KIC
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Figure 3.2: The three basic modes of crack surface displacement

3.1.5 Crack Models in Compression Loading

Two basic models, essentially more detailed variations on mode I fracturing, which
are used to describe the observation of crack initiation being oriented around 15

degrees to the loading direction are the sliding-crack model proposed by and the
force chain model Nicksiar and Martin [2014]. A schematic visualisation of these
two models is shown in figure 3.3, which demonstrates the fundamental difference
between these two models. For the sliding-crack model, a suitably oriented weak
plane must be present along which sliding sliding must occur before the local ten-
sile stresses are high enough to initiate and propagate the fractures parallel to the
compressive stress. Essentially this means that the sliding-crack model is valid in
case the shear stress on the crack surface is equal to the shear strength of the cracks
(τ) which is defined as

τ = C + σn tan φ

where C and φ are the cohesion and internal friction angle and σn is the normal
stress acting on the crack surface. The force-chain crack model does not need this
pre-existing weak plane to be present for the initial sliding to occur and will cause
cracking provided that the normal stress on the crack surface exceeds the tensile
strength. The initial heterogeneity of the mechanical and mineralogical properties
of the present minerals will create local tensile stresses sufficient to form cracks.

Further research done by modelling crack initiation for different grain sizes and
grain size distributions using a discrete element numerical approach indicated that
crack initiation in low porosity rocks appears to be a tensile mechanism, well ex-
plained through the force chain method and that shear cracking along grain bound-
aries is only a prominent mechanism near peak strength.

3.2 the failure process of brittle rock under
compressive stress

The source of the registered acoustic emission of a material under stress is the for-
mation of microcracks during deformation of the rock under stress Lavrov [2003],
Lehtonen et al. [2012], Hughson and Crawford [1986]. Therefore in order to under-
stand the nature of acoustic emission, it is essential to understand the deformation
process of brittle rock. The failure process of brittle rock has been researched by
many researchers. The deformation of brittle rock has been studied by many re-
searchers Hoek [1965], Bieniawski [1967], Brace et al. [1966] and Martin [1993] gives
a conclusive account of the deformation of granite and the related acoustic emission.
It has been found that the deformation process of brittle rock can be delimited into
5 stages that occur during the failure process. These stages are visualised in 3.4.
The five stages as stated in the figure are:



3.2 the failure process of brittle rock under compressive stress 11

Figure 3.3: Two models commonly used to explain crack initiation observed in laboratory
tests interpreted from Nicksiar and Martin [2014]

I Crack closure

II Linear elastic deformation

III Crack initiation and stable crack growth

IV Unstable crack growth

V Failure

The first stage delimited in the stress-strain curve visualised in 3.4 represents
the stage during which preexisting cracks close. This point is determined through
recognising the change from the stress strain curve where the axial strain changes
from non-linear to linear behaviour. Once the preexisting cracks have closed the
rock enters the second stage. During this stage, the rock is presumed to behave as a
linearly, elastic, homogeneous material, throughout this stage Hooke’s law is valid
and the rock’s stiffness is described by the Young’s Modulus; E = σ(ε)

ε where σ(ε)
is the stress applied in the direction of the strain and ε the strain, or proportional
deformation. The regions III to V represent the different stages of crack formation
and permanent deformation of the rock
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Figure 3.4: A stress-strain curve from a uniaxial compression test of Lac du Bonnet granite
[Martin, 1993]

3.2.1 Stage III: Crack Initiation and Stable Crack Growth

The point at which crack initiation starts is defined as the point at which the lateral
strain curve stops being linear.

Martin [1993] suggested using calculated crack volumetric strain to identify crack
initiation. The crack volumetric strain is calculated by using the Young’s modulus
and Poisson’s ratio, found during the elastic phase of the material. The elastic
constants are then used to find the elastic volumetric strains by

εVelastic =
1− 2ν

E
σaxial

where E is Youngs Modulus and ν is the poissons ratio. The volumetric strain is
given by:

εV = εaxial + 2 ∗ εlateral

The volumetric strain attributed to cracking can be calculated by subtracting the
elastic volumetric strain from the total volumetric strain.

εVcrack = εV − εelastic

Martin [1993] then defines the crack initiation as the stress level at which an
increase in crack volume occurs due to dilation, similar definitions are given by ?,
Atkinson [1987] and Hoek and Martin [2014]. In further analysis of the deformation
of rock, the crack volume stiffness is used. The crack volume stiffness is the the
change of the slope of the crack volume strain.
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3.2.2 Stage IV: Unstable Crack Growth

The onset of stage IV is defined by the axial stress level at which the volumetric
strain reverses from contraction to dilation and represents commencement of un-
stable crack growth as defined by [Bieniawski, 1967]. At this point the stress-strain
graph becomes non-linear and usually occurs at an axial stress of 70 to 85% of the
peak strength. The strain hardening that occurs at the initiation of stage IV is only
temporary [Martin, 1993] and the rock will fail after long term loading at this stress
level. This stress level is referred to as the crack damage stress (σcd). The most sig-
nificant changes during stage IV is the density of microcracks increasing by about
sevenfold. This is confirmed by the dramatic increase of acoustic emission beyond
σcd.

3.2.3 Stage V: Failure and Post-Peak Behaviour

Post- behaviour starts after failure of a rock at it’s peak strength (σf ). After peak
strength the lateral and axial strain show a strong descent and indicate continuing
dilation. In this stage the sliding initiated at the crack damage stress changes into a
through-going shear zone.





4 A C O U S T I C E M I S S I O N

During the initiation and propagation of a crack in stable crack formation, the stress
applied on the material exceeds the strain energy. The rapid release of energy dur-
ing fracturing is partially dissipated in the form of a transient elastic wave. In
a laboratory set-up these waves are typically referred to as acoustic emission. A
schematic drawing of the occurrence of an acoustic event resulting from crack prop-
agation in a sample under stress conditions is given in figure 4.1. Acoustic emission
is regarded to be similar to microseismicity, where microseismicity refers to similar
elastic waves induced in the field at an engineering scale (e.g. rockbursts in mines)
Ishida et al. [2017]. Due to the developments in modern electronics, specifically an
increase in computer (random-access) memory and compact sensors, highly sensi-
tive continuous monitoring of these signals is now possible.

Figure 4.1: Acoustic emission from a crack propagation source

Acoustic emission is used as a non-intrusive method for studying and monitor-
ing the damage process in materials. The monitoring of acoustic emission differs
from other non-intrusive methods since the source of the signal originates from the
material itself and not from an external source, additionally acoustic emission de-
tects physical change rather than existing discontinuities. The characteristics of the
recorded acoustic events can be used for damage analysis of the rock. This research
focuses on two characteristics of acoustic emission; cumulative hits recorded and
the maximum amplitude of each event recorded.
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Figure 4.2: Continuous recording of sample G3 loaded to failure

Figure 4.3: Continuous recording of sample G6 loaded cyclically

4.1 an acoustic event
A continuous recording of acoustic activity of a stressed rock sample consists of
a continuously present background noise with acoustic events intermittently dis-
persed through. A visualisation of the full continuous recording of a sample loaded
to failure and a cyclically loaded sample is given in figure 4.2 and 4.3. The inter-
mittently dispersed acoustic events are individual occurrences. A schematic repre-
sentation of a typical singular event, referred to as an acoustic event or ’hit’ in this
research is given in figure 4.4

Figure 4.4: Schematic representation of an acoustic event

4.2 cumulative hits
The initiation and propagation of cracks is the source of acoustic emission and can
be assumed to be irreversible of nature, implying that the damage in the rock is of
cumulative nature too Cox and Meredith [1993]. This makes counting cumulative
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hits a representative form of damage analysis in rocks. The method of hit count-
ing is based simply on the waveform exceeding a pre-set amplitude threshold just
above the background noise level and therefore exclusively looks at the number
of hits and does not distinguish between high and low energy events. Thompson
et al. [1999] found a clear increase in ’hits’ of acoustic emission during the transition
from stable to unstable crack growth and many have shown an exponential increase
in cumulative hits as the sample approaches failure Villaescusa et al. [2002], Mar-
tin [1994], Lavrov [2003]. Thompson et al. [1999] even used the acoustic feedback
as a control for the application of stress during uniaxial compression in the lab.
These results implied a clear relationship between the acoustic hits recorded and
the mechanical behaviour, specifically the radial strain, of the rock. Furthermore
researchers, such as Nicksiar and Martin [2013], Nicksiar and Martin [2014] and
Eberhardt et al. [1998] have used the cumulative hits as a tool to confirm the five
phases of deformation discussed in 3.

4.3 amplitude
The energy of the amplitude is dependent on the energy released and can be infor-
mative of the source of the acoustic event. Following the Griffith theory the energy
released of a singular crack is proportional to the stress applied and the length
of the crack and the surface tension of the fracture zone, i.e. the material to be
fractured. Similar implications have been confirmed by several researchers; Zang
et al. [1996], as well as Thompson et al. [1999] found that there is a clear increase in
number of high amplitude acoustic events approaching failure. Baud and Meredith
[1997] found that there is a clear relation between strain and AE energy released,
assuming high strain is caused by fracturing it can be assumed that an increase
in size or number of cracks is related to an increase of the cumulative amplitude
recorded. More recently Lin et al. [2019] compared acoustic emission during the
propagation of cracks in brittle material with digital imaging of the fracture process
zone and concluded that the maximum dissipation energy is directly proportional
to the critical crack opening displacement and the tensile stress.

Both the fundamental theory of Griffith as well as recent findings such as find-
ings by Lin et al. [2019] indicate a direct causal relationship between the energy
released during fracturing and the amplitude of the associated acoustic emission.
Consequently the amplitude can be considered to be a good indicator for the en-
ergy released during crack formation and a a potential indicator for the size of the
crack and the crack mode. However the energy of the acoustic event at the source
dissipates at a rate proportional to the distance to the transducer squared, which
causes the recorded amplitude to be lower than the initial amplitude. Additionally
the recorded amplitude is affected by attenuation, reflection and scattering and the
surface contact of the piezoelectric transducer with the sample. These situational
effects needs to be accounted for when drawing conclusions from the analysis of
amplitudes.





5 E X P E R I M E N TA L M E T H O D

This chapter presents the methodology followed when performing the experiments
executed with the intent of researching the occurrence of acoustic activity during
the deformation of rock and the manifestation of the Kaiser Effect. Two different
experiments are performed during this research; loading the rock sample to failure
and cyclically loading the rock sample. This chapter discusses the apparatus used,
the set-up thereof, the samples tested, the procedure followed and the method of
processing the acquired data.

5.1 apparatus
During the experiments a combination of two primary pieces of equipment is
used; the standard unconfined compressive strength set-up in combination with the
Richter system. This section will explain both set ups and the application thereof.

5.1.1 The unconfined compressive strength test set up

The unconfined compressive strength test is typically used to test the unconfined
compressive strength of a rock. A schematic drawing of the set up is seen on the
left side of 5.1. The set-up consists of a pressure bench able to apply an axial
load in a digitally controlled manner and a radial- and axial strain gauge. The
data acquisition of the pressure applied and the strain is digitally recorded on a
computer system.

5.1.2 The Richter system

The Richter system is a continuous data acquisition system which can record acous-
tic activity through the usage of piezoelectric transducers. A schematic drawing
of the Richter system is given on the right side of figure 5.1. The system available
at the TU Delft consists of a processing PC, a master Richter and 3 slave Richters,
the parameters used during the data acquisition are defined on the master Richter
which the slave Richters follow. Each Richter unit can simultaneously and in a syn-
chronised manner sample on 4 channels at once with a maximum sampling rate of
10 MHz.

5.2 samples
The experiments are performed on cores collected from two blocks of from the
Stjernoy Nepheline Syenite mine, one block assumed not to be unnaturally stressed
and one block collected from a highly stressed pillar. The pillar is located on a
crossing in the mine, a visulisation of the situation id given in figure 5.2. During
stress measurements in the past the normal stress was found to be up to 40 MPa in
the vertical direction and up to 10 MPa in the horizontal direction. Lu et al. [2006].
A visual representation of the measured stress distribution in the pillar is shown in
figure 5.3
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Figure 5.1: Schematic figure representing the experimental set up to collect the stress, strain
data and the acoustic activity

5.3 procedure
The experiments performed during this research can be subdivided into two exper-
imental approaches. One experiment during which the sample is loaded to failure
and one experiment where the sample is loaded cyclically The geomechanical prop-
erties. Through monitoring the acoustic activity simultaneously, the concordance
with the progressive deformation of the rock is obtained.

The experiments are executed with the following steps:

1 The cores are drilled with the dimensions of 60 millimetres in length and with
a diameter o 30 millimetres.

2 The core is placed in a 3D printed sensory jacket with circular holes for the
transducers and a slit for the radial strain gauge, as seen in figure 5.5. To
record the acoustic activity throughout the experiment 6 piezoelectric trans-
ducers are attached to the sample, placed at 2 different heights and 3 different
sides of the sample in a jacket.

3 The core in the sensory jacket is placed in the uniaxial compressive strength
test set-up as seen in figure 5.4. The strain gauges are connected to the system
controlling the UCS apparatus. The piezeoelectric transducers are connected
to the Richter System.

4 Data acquisition is started for both the UCS and the Richter system

A The acquisition of acoustic emission data is performed by the ExStream
software installed on the richter system continuously at a rate of 10 MHz
for all 6 channels, recording 60 million data points per second. The set-up
is prepared through the steps described in the manual in the appendix.

B The acquisition of stress and strain data is performed by the UCS system
with 4 data points per second
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Figure 5.2: The location of the pillar in the Stjernoy mine at the crossing of four roads

Figure 5.3: The measured stress distribution in the pillar

5 The experiment starts, the stress applied is strain (axial) controlled with a rate of
0.0001 mm/s. Either following experiment A or B

A The core is loaded to failure at once

B The core is loaded cyclically with steps of 15 MPa, returning back to a
stress 5 MPa each time, up to a stress of 90 MPa after which smaller steps
of 10 MPa are used up to failure.

5.4 data processing
The continuous acoustic data acquisition of the acoustic activity creates several gi-
gabytes of data per minute therefore the raw data needs to be processed further to
be used for analysis. Figure 4.2 visualises the full recording of a loading to failure
experiment The raw data is processed by the InSite software, using an amplitude
threshold based on the background noise level. InSite analyses the raw data, at
the moment the amplitude recorded at two channels or more, the software takes a
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Figure 5.4: Picture of the experimental set up to collect the stress, strain data and the acoustic
activity

a ‘snapshot’ of 2048 data points the raw data for all six channels. This snapshot is
stored as an acoustic event for each channel, figure 5.6 shows such an acoustic event
in all 6 channels. These acoustic events are counted as ’hits’, the arrival time and
maximum amplitude recorded are exported and combined with the data acquired
with the UCS system. This enables the researchers to relate the acoustic activity
to the progressive deformation and eventual failure of the core. The data contains
more information, e.g. fracture source localisation, frequency analysis, microscopy,
active acoustics, i.e. velocity changes due to time limitations these possibilities were
not further pursued.



5.4 data processing 23

Figure 5.5: Core in the 3D printed sensory jacket

Figure 5.6: A snapshot of the continuous data triggered by an acoustic event with a line
indicating the differences in arrival time





6 E X P E R I M E N TA L R E S U LT S

The results presented in this chapter are the results acquired during acoustic emis-
sion monitoring experiments in the laboratory involving loading to failure, and
cyclical loading, of nepheline syenite samples received from the Stjernoya mine.
The goals of the experiments are to analyse the acoustic emission during brittle
deformation and relate it to physical changes within the samples, to confirm the
Kaiser Effect and to explore the possibility of retrieving the in situ stress of a mine
pillar in the Stjernoya mine through the Kaiser Effect. The results of the experi-
ments can be subdivided into two categories; one category referred to as a success-
ful experiment and the other as unsuccessful. During the unsuccessful experiments,
atypical physical behaviour was observed such as chipping at the perimeter of the
sample, creating a sudden substantial increase in radial strain after which it could
continue to be loaded without displaying any behaviour that indicates that the sam-
ple is reaching its failure point. Since the successful experiments are considered
the most representative, they are displayed and discussed in this chapter. How-
ever if the atypical geomechanical behaviour is taken into account the unsuccessful
experiments display comparable behaviour regarding acoustic emission.

Figure 6.1: A schematic figure to clarify the location of the six sensors on the sample

6.1 an acoustic event
As discussed in the chapter 5, the data acquired by the richter system is processed
using an amplitude threshold, meaning that if the threshold is exceeded, that par-
ticular instance is labelled as an event. This research is focused on the cumulative
hits and the maximum amplitudes recorded during that hit. However the possibil-
ities for analysing the event in terms of frequency, using frequency filters or using
localisation algorithms to localise the sources of the acoustic events are obvious.
For the sake of completeness, clarification for the potential of the set up and to
demonstrate the differences of data recorded at the six sensor locations figure 5.6
visualises an event recorded at all six channels. Figure 6.1 demonstrates the location
of the sensors on the sample. The amplitude ranges from 0.00058 Volt to 0.00120

Volt indicative of attenuation occurring in the sample. The location of the sensors
that have recorded amplitudes of the largest difference are the furthest away from
each other confirming to an extent comparable sensitivity. However the fact that
even though sensor three records the wave first, the amplitude recorded is lower
than that at sensor two indicates there might be a difference in sensitivity.
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6.2 acoustic emission characteristics during brit-
tle deformation of granite samples

Figure 6.2 visualises the geomechanical behaviour of the sample in the non cyclical
experiment along with the cumulative hits recorded. For clarity the figure is plot-
ted in a similar manner to figure 3.4 in chapter 3, the experimental results show
analogous behaviour. Furthermore figure 6.3 demonstrates the development of the
amplitude of recorded events as the sample is loaded.

Figure 6.2: Graph visualising the axial (blue) and radial strain (red) with increasing stress
and the cumulative hits (green) recorded during deformation

The initial deformation phase is a period of strain hardening and is typically
referred to as a phase of crack closure. Subsequently the point at which hardening
ends and the axial strain starts to exhibit linear behaviour, is commonly taken as
the point at which the pre-existing cracks are closed. From this point up to crack
initiation the sample is said to behave elastically, both microscopically and on a
macro scale. Both during the phase of crack closure and the elastic phase limited
quantities of acoustic events are recorded, never exceeding 3 percent of the total
recorded events. During the phase of crack closure, the amplitudes are low, not
exceeding 150 percent of the amplitude threshold. The events recorded throughout
the elastic phase are typically of similarly low amplitude, however a single recorded
event with a high amplitude is not exceptional.

There is a substantial increase in hits after the moment of crack initiation, as well
as a significant increase of the maximum amplitudes recorded. In essence this is the
phase throughout which hits with an amplitude substantially higher than the am-
plitude threshold appear systematically. The moment the radial strain of the sample
stops behaving linearly, a phase of crack coalescence and unstable crack growth is
instigated. A substantial growth in the cumulative number of hits recorded as well
as a considerable rise in amplitudes of the recorded events is observed at this point.
The hits recorded to this phase constitute to over 80 percent of all recorded hits. The
acoustic events are clearly related to the radial deformation, indicating that microc-
racks initiation are mainly initiated- or propagate in the direction of the maximum
compressive stress. For an overview a summary of the observations made during
the loading to failure experiments is given in table 6.1.
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Table 6.1: Observations made during the loading to failure experiment regarding strain, cu-
mulative hits and the maximum amplitude per event throughout the five phases
of deformation

Deformation
Phase

Axial
Strain

Radial
Strain

Volumetric
Strain

Cumulative Hits
(% of total)

Amplitude
(% of noise)

Crack Closure

I Linear Linear Compression
<1.5%,
Sporadic

<150%

Elastic Region

II Linear Linear Compression
<3%,
Linear

<400%, indiviual
amplitudes of 1000%

Stable
Crack Growth

Systematic rise in
amplitude trend &
towards next phase
1000% amplitudes
are the norm

III Linear Near Linear Compression
<25%,
Systematic hits
Rise in trend

Unstable
Crack Growth

IV Nonlinear Nonlinear Dilation Exponential

Exponential rise in
number of events
with amplitudes
of >1000%,
recording amplitudes
up to 3000%

Post Failure

V Nonlinear Nonlinear Dilation Remaining
Amplitudes between
3000% and 7000%
are the norm
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Figure 6.3: Graph visualising positive radial strain (blue), cumulative hits (red) and the max-
imum amplitude of each acoustic event (orange)

6.3 confirming the kaiser effect in lab setting
through cyclical loading

The Kaiser effect is the phenomenon defined as the absence of detectable acous-
tic emission events until the load imposed on the material exceeds the previously
applied stress. One of the goals of the cyclical experiments is to confirm the occur-
rence of the Kaiser Effect in brittle deformation. The cumulative hits as recorded
during the four cyclical loading tests are shown in figure 6.4. Samples G5 and G10

showed atypical behaviour namely chipping at the perimeter, the related jump in
radial deformation is also observed in the cumulative hits recorded. Within all four
experiments the Kaiser Effect can be observed to some extent however the atypical
samples exhibit acoustic activity at 70 percent of maximum stress of the previous
cycle, while the other samples do not exhibit acoustic activity before reaching 85

percent of the previous maximum stress. Figure 6.5 combines the radial- and ax-
ial strain and the cumulative hits for cyclical loading of sample G6 in one graph
in a similar manner to figure 6.2. The cumulative hits show a relative absence of
acoustic emission until the applied stress nears the stress applied during the previ-
ous cycle, essentially confirming the manifestation of the Kaiser Effect, however a
clear increase in hits is observed already before reaching the maximum stress ap-
plied during the previous cycle. Since hits are not only recorded as the stress of the
previous cycle is exceeded, it is concluded that the kaiser effect does not manifest
perfectly.

The discrepancy in the exact overlay of cumulative hits recorded per step is simi-
larly observed in the recorded strain. The cyclical loading causes hysteresis to occur
in the sample, easily recognised in the plotted radial strain data. For the loading to
failure experiments, the number of recorded acoustic events is strongly related to
the radial strain. A similar effect is expected in the cyclical experiments. The imper-
fect manifestation of the Kaiser Effect correlates with the occurrence of hysteresis in
the radial strain indicating a relationship with one another.

Previous researchers have used the felicity ratio as a measure for relating discrep-
ancy between the onset of acoustic activity according to the Kaiser Effect and the
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onset in reality. The Felicity ratio being the ratio between the stress at which the
acoustic emission commences and the maximum stress previously applied. Simi-
larly such a ratio can be found for the stress at which the onset of new radial strain
occurs. These ratios are compared in 6.6. Except for an outlier during the fourth
cycle the felicity ratio is between 0.85 and 0.95, where the radial strain ratio is consis-
tently 1. The felicity ratio being lower than the radial strain confirms a relationship
between the hysteresis and the acoustic events.

During the loading to failure experiments, the amplitude of the recorded events
are substantially lower until the stress applied exceeds 60 percent of the peak
strength. Furthermore, disregarding individual outliers, there is a clear gradual
increase in the amplitude recorded. In figure 6.7 it can be observed that this is not
the case for cyclical loading. High amplitudes are recorded at the full spectrum
of stress applied, for the particular experiment visualised, the highest amplitude
is recorded at 25 percent of the peak strength. Although high amplitude acous-
tic events are recorded throughout the whole scale of stresses, there is a greater
abundance of high amplitudes after reaching 50 to 60 percent of the peak strength.

6.4 exploring the possibility of retrieving the
in-situ stress through the kaiser effect

This section shows the result of the loading cores collected from a pillar in the Stjer-
noya mine. The sample is understood to be collected from the pillar as visualised in
figure 6.8, the samples L1 and B2 are drilled in the same direction but on opposing
sides of the sample and sample F3 is drilled in a direction orthogonal to F3 and B2.

The geomechanical behaviour, i.e. the strain relative to the stress and the cumula-
tive hits of the samples of B2, F3 and L1 are visualised in figure 6.9. The radial strain
of the samples B2 and F3 exhibit strong linear behaviour for the major part of the
experiment. Due to grains in the radial strain chain from previous experiments, the
radial strain results of the L1 sample show a lot of noise, an approximation of the
actual deformation is shown in the figure. The peak strength of the three samples
range from 65 MPa to 117 MPa but show similar results as obtained in previously
discussed experiments. The onset of acoustic activity starts at a lower percentage of
the peak strength for the samples B2 and F3 than for sample L1.

A visualisation of the development of the amplitude relative to the positive radial
strain and the cumulative hits recorded are shown for the samples B2, F3 and L1

in figure 6.10, figure 6.11 and figure 6.12, respectively. The amplitudes recorded
for the samples L1 and B2 show behaviour similar to that recorded in previous
experiments, i.e. the amplitudes recorded at low stresses are low and gradually
rise as the stress approaches the peak strength. For sample F3, the distribution
of amplitude is more in concordance with the results for cyclical loading; acoustic
events with high amplitudes are recorded throughout the experiment and there is
not a clear trend as the peak strength is approached. However it should be noted
that the amplitudes recorded during this experiment are much lower throughout the
whole of the experiment and it is unclear whether this is due to reasons inherent to
the sample or due to external reasons such as the sample-transducer contact.

The samples L1 and B2 are drilled in the same direction, therefore the onset of
acoustic activity at the same stress would be indicative for stress memory. The
pillar is an important supportive pillar and therefore it can be expected that the
stress in the direction of B2 and L1 is higher than in the direction of F3 therefore
an onset of acoustic activity at a lower stress than that for B2 and L1 would be
indicative for stress memory. To compare the onset of acoustic emission in the three
samples and check for the occurrence of the two aforementioned indicators, the
cumulative hits recorded for the samples F3, B2 and L1 are combined in figure 6.13.
The commencement of acoustic activity for sample F3 occurs at a far lower stress
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than that of samples B2 and L1. There is an obvious difference in onset between
the samples drilled in the two different directions. The onset of acoustic activity
of samples B2 and L1, however, does not coincide perfectly with one another. The
fact that the kaiser effect is not recognised orthogonal to the direction of the normal
stres confirms findings by Stuart et al. [1993].

The change in trend of cumulative hits for L1 and B2 starts at 45 MPa, a much
higher stress than the other non-stressed samples. The hits in F3 start at 20 MPa
which coincides with the other tested samples. This actually agrees quite strongly
with the findings of Lu et al. [2006] who found the stresses in the direction of L1

and B3 to be up to 40 MPa and the stresses in the direction of F3 to be up to 10 MPa.
This is a promising finding for the application of the Kaiser effect for the retrieval of
the in-situ stress field. However the samples tested are too limited to be conclusive.
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Figure 6.4: Four graphs visualising the manifestation of the Kaiser effect in sample G1, G5,
G6 and G 10 during a cyclical test.
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Figure 6.5: Graph visualising the behaviour of the granitic sample during cyclical loading,
with strain in percentage on the x-axis, stress in MPa on the left y-axis and cumu-
lative hits on the left y axis. The red line shows the represents radial strain, the
blue line the axial strain and green line the cumulative hits

Figure 6.6: Bar graph with the blue bars visualising the stress, at which new Acoustic Events,
i.e. hits are recorded, relative to the maximum stress applied during the previous
cycle and the red bars visualising the stress at which a greater radial strain occurs
relative to the maximum stress of the previous cycle

Figure 6.7: Graph visualising positive radial strain (blue), cumulative hits (red) and the max-
imum amplitude of each event (orange)
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Figure 6.8: Schematic drawing of the pillar from which the samples F3, L1 and B2 are col-
lected.

Figure 6.9: Overview of the geomechanical behaviour of sample B2, F3 and L1 respectively
and the cumulative hits recorded
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Figure 6.10: Graph visualising the number of hits recorded, the amplitude of the recorded
events and the positive Radial Strain on sample B22

Figure 6.11: Graph visualising the number of hits recorded, the amplitude of the recorded
events and the positive Radial Strain on sample F3

Figure 6.12: Graph visualising the number of hits recorded, the amplitude of the recorded
events and the positive Radial Strain on sample L1
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Figure 6.13: Graph visualising the recorded cumulative hits during the loading of the sam-
ples F3, L1 and B2





7 D I S C U S S I O N

7.1 stages of deformation and acoustic emission

The deformation of brittle rock has been studied by many researchers Hoek [1965],
Bieniawski [1967], Brace et al. [1966], Martin [1993] gives a conclusive account of
the deformation of granite and the related acoustic emission. Clearly stating the
five phases of deformation. In phase I, existing cracks are closed, during phase
II the rock is presumed to behave as a linear, homogeneous, elastic material. The
three remaining phases being, phase III stable crack growth, phase IV unstable crack
growth and phase V (post-)peak behaviour. A more detailed description of these
five phases is given in chapter 3. Close to 95% of all acoustic activity occurs during
the last three phases. Figure 7.1 visualises these five phases based on collected
results, a schematic drawing of the crack growth in the five different stages is given
under the figure.

The five different phases of deformation can all be recognised in the acoustic
activity recordings to some extend. However since the number of acoustic events
recorded in the phase of crack closure and the elastic phase never exceeds 3 percent
of the total recorded hits, these phases are difficult to recognise. The acoustic events
recorded during these phases are probably due to existing microcracks, likely from
slip occurring along some of these cracks. These cracks do not follow the sliding
crack model as discussed in chapter 3 as no permanent damage is recorded in the
axial strain Nicksiar and Martin [2014]. The commencement of crack initiation is
easier to recognise in the acoustic activity than it is in the stress-strain curve, as
there is an obvious rise in the trend of the cumulative hits at that point. The crack
initiation is found to be between 40% and 55% of the uniaxial compressive strength
similar to early work of Brace et al. [1966] and Bieniawski [1967] and confirmed
through acoustic emission monitoring by Nicksiar and Martin [2013], Nicksiar and
Martin [2014] and Eberhardt et al. [1998]. The moment of crack coalescence, i.e. the
transition to phase four is similarly clear; the trend of the cumulative hits moves
from relatively linear to an exponential increase in hits. This typically occurs be-
tween 75% and 85% of the uniaxial compressive strength. Similar findings through
acoustic emission monitoring have been done by Martin et al. [1999]. Lockner et al.
[1991] showed using localised acoustic events that the abrupt increase in cumula-
tive hits is due to the move from uniformly distributed individual cracks to crack
coalescence starting on the boundary of the sample, then spreading through the
sample. The crack coalescence as a source for the abrupt increase in cumulative
acoustic emission is confirmed by Diederichs et al. [2004]’s discrete element simula-
tion approach; first showing uniform distribution of cracks, the onset of interaction
and finally macro fractures from boundary to boundary

Further analysis of the characteristics of the acoustic events often focuses on the
frequency-magnitude relation for acoustic emission events or the Gutenberg-Richter
b-value relation for earthquakes. This research however focuses on the amplitude
of the wave. Unlike the number of hits recorded, the rising trend of the amplitude,
as the deformation transcends through the five phases has not been researched ex-
tensively. The amplitude is strongly dependent on scattering and attenuation and
both are dependent on the material and geometry of the sample. Furthermore the
surface contact of the piezoelectric transducers and the sample strongly affects the
amplitude recorded. As stated in chapter 6 there are differences in the amplitude
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Figure 7.1: Result based visualisation of the radial behaviour and acoustic behaviour in
terms of hits during deformation, including a schematic drawing of the growth
of microcracks during the five phases of deformation, based on Martin [1993] and
Cai et al. [2004]

of the wave reaching the sensors that may indicate a difference in sensitivity. Addi-
tionally the individual events may have an amplitude tenfold of the nearby events,
therefore individual events should not be used as indicator for the damage in the
rock but the overall trend or the total amplitude can be. So although analysing the
change in amplitude during the different phases of deformation is not as definitive
as the cumulative hits, there is an obvious rising trend of the amplitude as the defor-
mation transcends from one phase to the next. The similarity of the findings of this
research with the findings of Martin [1994], Hoek and Martin [2014] are recognised
easily looking at figure 1.1 in chapter 1 and figure 6.2 in 6.

Additional to the possibility of seeing a reflection of the five phases of deforma-
tion in the acoustic activity recorded. There is a strong correlation between the
radial deformation and the cumulative hits recorded in combination with the grad-
ual increase of high amplitude events as the stress rises imply that the microcracks
form and propagate mainly parallel to the compressive stress. These findings are
similar to findings by Brace et al. [1966] regarding dilatancy during compression-
and by Martin [1994] in the progressive fracturing of Lac Du Bonnet granite. The
main models for crack initiation the sliding crack model and the force-chain crack
model would exhibit this behaviour on macro scale. Similar behaviour is observed
in the formation of cracks in mine pillars, in these mine pillars deformation occurs
in such a way that the mine pillar starts to exhibit what is sometimes called onion-
skin as it it moves from having near orthogonal walls to concave walls that develop
due to fractures forming parallel to the main stress on the pillar which is usually
orthogonal to roof the pillar carries.

Throughout the experiments during which the sample is loaded to failure at once,
there is an obvious trend of an increasing amplitude in the experiments. During the
phase of crack closure, the amplitude does not exceed 150 percent of the amplitude
threshold. During the elastic phase one or two events of 10 times the amplitude
threshold are observed but generally do not exceed 300 percent of the threshold.
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7.2 cyclical loading and the kaiser effect

Cyclical stressing of rocks changes the elastic moduli, the crack damage of the rock,
decreases the shear strength of joints Haimson [1978] Jing et al. [1993] Heap et al.
[2009] researched the effect the change in elastic moduli had on the acoustic emis-
sion and found that there is no change in the moduli if there is no acoustic emission
recorded. However the amplitude change during the cyclical stressing relative to
non cyclical stressing, i.e. loading to failure is not discussed. During the loading
to failure experiments an obvious rise in the trend of the amplitudes recorded is
observed as the rock approaches failure. However the trend in amplitude is more
ambiguous throughout the cyclical experiments. Several causes of this phenomenon
can be thought of; firstly considering Griffith’s crack model it is possible that the
cyclical loading has decreased the strain energy that needs to be overcome for cracks
to initiate and propagate. Secondly considering the stable crack growth between 40

and 70 percent of the peak strength and unstable crack growth approaching peak
strength, it can be assumed that if the sample is unloaded after surpassing 70 per-
cent of the peak strength, unstable crack growth may occur at lower stresses. Thirdly
since it is found that the force-chain crack model accurately describes the initiation
and propagation of crack growth up to 60 to 70 percent of peak stress after which
crack growth is more accurately described by the sliding crack model it could be
the case that may be the cause of recording acoustic events with the characteris-
tics usually associated with cracks formed at higher stresses. However no research
has been done that links the high amplitude acoustic events with the sliding crack
model and low amplitudes with the force-chain crack model.

The Kaiser effect is confirmed to some extent in all cyclical lab experiments. In
a review written by Lavrov [2003] on the Kaiser effect, similar occurrences of the
Kaiser Effect with similar Felicity Ratios are discussed. Reviews of Holcomb [1993]
and Lockner [1993] express similar findings. However in the same review it is also
stated that it is not possible to use the Kaiser effect to determine the full in-situ in
stress tensor. It is stated that at best it is possible to estimate the linear combination
of in-situ stresses, when testing the sample oriented exactly in the direction of the
normal in situ stress. The reason for this is a combination of the loss of the Kaiser
Effect if the stress applied deviates more than 10 degrees from the direction of the
stress being recovered and the fact that the triaxial stresses occurring in situ are not
simulated during the uniaxial testing. The results of the experiments performed
on the samples collected from the pillar reflect these findings, the onset of acoustic
emission is the same for sample L1 and B2 but different for the sample F3 drilled
in a different direction. However it is not known what the direction of the main
stress is so therefore it is not known whether the stresses found describe the normal
stress.

7.3 practical implications

Monitoring in the earth sciences is used to predict unwanted effects in terms of rock
failure such as rockbursts in mine pillars and tunnels, breakouts in boreholes or the
occurrence of landslides and earthquakes. The fact that the different phases of de-
formation are recognised so well in the acoustic activity have positive implications
for in situ monitoring. The trend of the cumulative hit recorded can be used to de-
termine whether the rock is approaching failure, this finding is helpful for analysing
in situ scenarios as the cumulative hits can be used as a tool for approximating the
proximity to failure.

Additionally it is observed in the lab that if the sample is loaded to failure at once,
there is an obvious rise in amplitudes as the sample transcends through the phases
of deformation and approaches failure. The amplitude is not as straightforward
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Figure 7.2: Progressive pillar failure including the findings of Martin [2000] regarding tensile
and shear failure in a mine pillar. The progressive failure ends in the typical hour
glass shape of a failed mine pillar

to use for tracking the deformation due to singular high amplitude events at low
stresses, it could however be used as a predictive method for high energy events
in the earth sciences. In the lab it is shown that if a sample is loaded cyclically,
amplitudes typical for stress above 60 percent of the peak strength are recorded
throughout the loading cycle starting around 20 percent of the peak strength. This
implies that high energy releases occur at low stresses after a rock has been loaded
to a stress approaching peak stress. An implication of this could be that during the
reloading a mine pillar, borehole or landmass at angle after it has been unloaded,
high energy acoustic events, such as rockbursts, outbreaks or landslides may occur
at lower stresses than anticipated.

Specifically regarding failure in mine pillars it has been shown that the domi-
nant mode of failure is the formation of microcracks progressing into slabbing and
spalling Martin [2000] creating the typical hour glass figure. A Schematic drawing
of the progression of a mine pillar failure is shown in figure 7.2.

The experiments performed on the samples collected from the mine pillar indicate
that the Kaiser Effect also occurs to some extent in situ. It has been shown by many
researchers that the Kaiser effect cannot be used to retrace the in situ stress through
uniaxial reloading in the lab Lavrov [2003]. However the Kaiser Effect may have
implications for monitoring. In case of monitoring a rock mass that is reloaded
after it has been loaded to a stress beyond the crack initiation stress of the rock, a
relative silence in terms of acoustic activity is implies that the stress applied is not
nearing the maximum previously applied stress.



8 C O N C L U S I O N

8.1 conclusion
• It is possible to acquire enough acoustic data with the Richter system in the

set up described in this thesis to recognise the different phases of deformation
as described by Martin Nicksiar and Martin [2014].

• Additional to the cumulative hits the maximum amplitude of the events recorded
has shown to correspond to damage in the rock as well. During the loading
to failure experiments a clear rise in the trend of the maximum amplitudes is
observed as the rock nears failure. In general no amplitudes higher than 300%
of the noise level are recorded before crack initiation is reached (around 45%
of the peak stress), after which the trend progresses from linear to exponen-
tial as the sample nears failure. The amplitudes of individual events cannot
be used as an indicator for the damage in the rock, since individual events
incidentally have much higher amplitudes than its surrounding events. Dur-
ing the cyclical loading experiments the trend is far less clear as amplitudes
of 1000% occur already at 25% of the peak strength indicating that the mode
of fracturing that is typical for near failure stresses is occurring at low stresses.
The in-situ implications of high amplitudes at low stress can be that fractur-
ing related events such as rock bursts, earthquakes or landslides may occur at
much lower loads than anticipated.

• During cyclical loading of the samples, a near silence in terms of acoustic hits
was observed until nearing the previous maximum stress. Often however a
substantial number of hits were recorded at around 85% of the previously
applied stress. It can concluded that the Kaiser Effect does occur but that it
does not manifest perfectly.

• Three samples collected from a heavily stressed mine pillar in the Stjernoya
mine showed behaviour resembling the Kaiser effect. The two samples col-
lected in the direction of the normal stress exhibited acoustic activity at a
higher stress than the sample collected orthogonal to the normal stress. The
stress at which the acoustic activity starts may be indicative of the in-situ stress
in the mine. To the very least it can be said that the difference in on set of
acoustic activity in the two directions show that acoustic activity corresponds
to some extent to the stress in the pillar. These findings are promising for
the use of acoustics as an indicative measure for pillar failure or rock burst
prediction.

• For future work in the lab it is recommended to use a combination of frac-
ture source localisation, frequency analysis, microscopy, active acoustics, i.e.
velocity changes, CT scanning and chemical analysis of the healing, loading-
unloading hysteresis and closing process of cracks on a range of rocks to de-
velop a better understanding of the fracture modes during stable crack growth,
unstable crack growth and post failure behaviour. The implications of the out-
come would range from improving the understanding of the fundamentals of
fracture mechanics to improvement of the rock monitoring applied to a large
range of applied earth science applications.

41
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• The observation that amplitudes typical for high stresses (70% peak stress) are
recorded at low stress (25% of peak stress) may imply that similar behaviour
occurs on a large scale in rockbursts or earthquakes. Cyclical loading under
triaxial stress conditions, as a more representative experiment, should be per-
formed for a further understanding.

• To use acoustics as a monitoring method for pillar failure, rockburst prediction
and the prediction of seismic activity in a mine. In-situ monitoring needs to
be performed to examine the agreement with the findings in the lab and the
effect of noise from the mining activities on the practicality of this monitoring
method.
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