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Abstract

Measuring rock stress is a difficult process, especially in the Stjernøya Nepheline-Syenite mine in North-
ern Norway. The complex nature and topography of the shallow deposit makes it difficult to conduct
industry standard tests. Therefore, this thesis aims at answering how different stress measurement
techniques and their results compare to each other in a shallow low-stress hard-rock mine. To do this,
an elaborate laboratory work is done to find a relation between stress (UCS) and acoustic properties
and velocities of the nepheline syenite. Using that information, a similar combination of tests is done
in the field, namely a flat jack test and acoustic velocity measurements with a hammer and geophones.
To give further insight in the gathered field-data, visual classification methods, like RMR are done to
verify and aid the tests and the results. The laboratory tests gave more insight in the relation between
stress and acoustic velocity. There exists a positive, somewhat logarithmic relation between confin-
ing pressure and velocity through the sample, until the end of the elastic domain. Depending on the
sample, this becomes more apparent after an initial loading phase between 0 and 10-20 MPa. In this
low-stress zone, the wave arrival times could not be accurately observed and tend to give very low
results. This problem translated to the field. Despite the flat-jack provided an understandable vertical
pressure of 9.8 MPa, the acoustic measurements in the field did not always coincide with this pressure,
according to the laboratory relationship, generally giving lower velocities than expected. However, a
relation between rock quality and wave-velocity could also be present, as the cracks in the heteroge-
neous rock could heavily influence acoustic velocity. Therefore, this research concludes that both the
flat jack and the acoustic investigative methods have their use in understanding the stress-profile of
the shallow deposit. Given the low stresses in the mine, the acoustical investigative method could not
be used directly to measure stress, but it can be used as a control for the flat jack tests and have use
in monitoring of the rock wall.
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1
Introduction

Due to the ever increasing need of raw materials, the need for mining is now greater then ever. Even
though new methods are being developed to extract resources from the earths subsurface, open pit
and underground mining are still the most commonly used methods of extraction. For many centuries,
engineers have tried to makemining safer. Ever since the analysis of cracking in support timber of mine-
roofs, methods of analysing the strength of the walls next to and above theminer have only gotten better
and more thorough. This does not mean that we have become specifically better at understanding the
rock formations. We are now better in predicting the instability of a rock mass, but this does not mean
our methods apply to every rock type and wall. This research focuses on the effective measurement of
rock stress in a shallow hard-rock mine in northern Norway, where measuring and understanding the
rock mass has been difficult.

1.1. Stjernøya mine
Named after the island that it is located on, the mine of interest is the Stjernøya-mine, that produces
nepheline syenite out of the Lillebukt deposit on the south side of the island. The underground part
of the mine faces problems with high rock stress phenomena, like spalling (Schmitz and Hack, 2022).
Phenomena like these are not uncommon in an underground mine, especially next to excavations, but
the apparent low in-situ stress should not be able to break strong and competent rock. The induction
of stress in a rock cannot be prevented, but it could be measured and predicted, and that is where the
Sibelco team finds trouble. To define how much information is necessary per location, the Sibelco team
uses categories defined in Eurocode 7 STANDARD (2004) as is stated in (Schmitz, 2018).

1.2. Eurocode 7
In the Eurocode 7 it is stated that depending on the importance of and risks associated with the engi-
neering project, a category is assigned to that project. The lowest category, Category 1, requires little
knowledge of the country-rock, resulting in an ’empirical’ design based on a few rock-parameters with
negligible risks. For the highest category, Category 3, a detailed engineering plan will be made, based
on as much rock-stress knowledge as possible, to mitigate risks. It can thus be said that depending
on the category, different types of information is necessary. To gather that data, a range of methods
are available to the team in Stjernøya. These methods vary from optical or empirical measurements
like rock mass classifications to pure stress measurements like flat-jack measurements, overcoring or
hydraulic fracking and also acoustic methods like seismic imaging or P-wave velocity measurements.

1.3. Questions
Because Sibelco’s Stjernøya site has a lot of different areas and projects, a decision needs to be
made on what Category should be assigned to a certain project in a certain area. Following this, a
decision needs to be made on what measurement technique should be used to generate the data
necessary for that Category. A difficult environment like the shallow-lying Stjernøya site requires a good
understanding of both the measurement methods and the implications of the surrounding petrology. If

1



1.4. Research 2

you would be able to measure efficiently and correctly at multiple area’s of the mine, depending on
the Eurocode-category, there can be less risk of rock mechanical failure. Next to that, economical and
planning benefits can be achieved by more efficient application of stress measurements. Consequently,
this report aims at answering the following sub questions:

• How efficient and accurate are hand-held stress measurement tools?
• How do mechanical and acoustic tests in the field compare to acoustical and mechanical stress
tests in the lab?

• What is the influence of a low in-situ stress on the accuracy of stress tests in the field?
• What is the use of visual or empirical rock mass classification in stress measurements?

Combined, they raise the following research question:
How do you measure stress efficiently and precisely to understand high-stress phenomena in a hard
rock mine with low in-situ stress?

1.4. Research
The research aims to measure, analyse and compare the stress-state of the Lillebukt deposit in various
ways and use the compared and adjusted data to create a method of predicting the stress at various
locations in the mine. There are multiple tools, like ultrasonic acoustic transducers and flatjacks, at
hand in the mine to determine the in-situ stress vectors and these will be used to measure on site.
The main location of interest will be the corner that connects the old access tunnel (Ort i Felt) with
the new access route towards the stopes. This has stress measurement results dating back to the
1970s (Myrvang, 1973) available, which can be used for comparison, as the corner is far away from
the active mining and the surrounding area has not changed since the measurement from Myrvang.
Core samples gathered in that area, as well as other already available samples from previous research
are consequently also analysed in the TU Delft Rock Mechanics laboratory to get a comprehensive
overview of the rock and its endured stresses. Engineering interpretation of the rock mass will also be
done to help the analytical process and truly understand the macro-scale properties of the subject of
measurement.

1.5. Hypothesis
It can be hypothesized that the most effective and fast way to gather data from a large rock mass is
through acoustics or micro-seismics. The travelling Pressure (P) and Shear (S) waves generated by
a hammer blow, for instance, can be recorded at a certain distance from the source. The speeds of
these waves can be compared to lab results, relating it to stresses. If the stresses from the acoustic
measurements then coincide with flat-jack results and further engineering analysis, the acoustics can
be confirmed and the correlated stresses interpreted as true stresses in the subsurface model of the
mine.

1.6. Build-up
To reach this level of understanding, the topic will be subdivided in the following chapters. Chapter 2 will
cover some geological background of the mine and properties of Nepheline Syenite. A literature review
on (relevant) rock mechanical testing will be done in Chapter 3, along with an elaborate methodological
and analytical explanation per tests. In a Chapter 4 the results of the different tests will be given.
Chapter 5 shows a comparison between the results and literature and also a division of results based
on the Eurocode 7. Finally, Chapters 6 and 7 will discuss results, conclude the research and also
include recommendations for future research or measurements.



2
Nepheline Syenite

As specified before, the underground complex that is researched in this thesis is Sibelco’s Stjernøya
mine. In this mine, nepheline syenite is extracted from the Lillebukt alkaline complex for use in, among
others, ceramics and the glass industry. The underground mine and quarry are located on the island
of Stjernøya (Figure 2.1) and has steadily developed from a small underground sublevel stoping mine
towards an open pit mine that uses the older stopes for backfill and as drawpoints for the mined out
material in the open-pit producing months (June - December).

Figure 2.1: Location of Stjernøya and Lillebukt alkaline complex at the arrow (Reginiussen et al., 1995).

2.1. Geology
The geology of the island has been described by Heier (1961), Bryhni (1962), Robins and Gardner
(1975), Ramsay and Sturt (1970) and Geis (1979) in the 1960’s and 1970’s. Later, company reports
from first Norsk Nefelin, then North Cape Minerals and later Sibelco Nordic, focusing more on the
geotechnical (Dahle, 2007) and geochemical (Gautneb et al., 2009) properties of the alkaline complex
followed.

Heier (1961) was the first to publicly report about the geology of the southern part of the island Stjernøya
in the Seiland-region. He reported on multiple economic purpuses of the ’Layered Gabbro, Hornbledite,
Carbonatite and nepheline syenite on Stjernøy, North Norway.’. The island of Stjernøya lies in line with
the Norwegian Caledonides, a sequence of nappes that were created during the Caledonian orogeny.
Even though the island of Stjernøya appears to be part of the Kalak-Nappe complex, the origin of the
rocks apparent on Stjernøya are non-orogenic. The mafic and ultra-mafic rocks on Stjernøya must
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thus be part of an intrusion that happened during the orogenic period Sturt et al. (1975). The syenites
and carbonatites are also part of this mafic intrusion, that is unique for this area in Norway. The age of
these plutons has been estimated by Pedersen et al. (1989) using U-Pb dating. It was then confirmed
that the mafic intrusions happened during the Middle- late Cambrian boundary (531 +- 2 Ma and 523
+-2 Ma). The exact localities of the different rock types in the Lillebukt complex as mentioned by Heier
(1961) can be seen in the geological map in appendix C and was sketched up by Bruland (1980).

Geis (1979) studied the origin of the nepheline syenite more precisely. The unknown property of the
nepheline syenite was its feldspar. The feldspar shows clear lineation, whereas the nepheline syenite
does not. Geis concluded that the nepheline syenite must thus be of metosomatic origin, associated
with high grade metamorphism. The nepheline syenite is then a direct result of nephelinization of the
syenitic intrusion during the caledonian orogeny. This would explain the differences in mineralization
of the feldspar and the nepheline.

After its deposition, the nepheline syenite was intruded by several veins, most apparent are the thick
black diabase veins or dykes which were already observed by Heier (1961). Later research by Geis
(1979) and Ramsay and Sturt (1970) determined that these dykes must have originated from fissures
flowing into cracks opened up by folding to which the nepheline syenite was subjected shortly after
its deposition. No apparent major geological processes have later enacted upon the nepheline syen-
ite, making it a very capable rock without major weakness zones due to secondary faulting or folding
present. This is backed up by rock mechanical research on the mine (Schmitz and Hack, 2022), (Dahle,
2007), (Johansson, 2001) and (A. Argilaga, 2017).

2.2. Rock Mechanical Properties
Below, accepted rock mechanical and chemical properties of the nepheline syenite are shown. They
are taken from researches done by the company itself about the nepheline syenite and the deposit

Chemical composition: (Heier, 1961), (Oostman, 2023)

• ± 50% K-Feldspar KAlSi3O8

• ± 35% Nepheline (Na,K)AlSiO4

• Traces of: Calcite, Clinopyrox. Hornblende, Biotite, Rutile (in Feldspar), Titanite, Apatite, Opaques,
Zeolites, Muscovite

• Low in Rare Earth Elements

Rock Mechanical Properties: (Dahle, 2007), (Schmitz and Hack, 2022), (Myrvang, 2007), (A. Argi-
laga, 2017)

• Youngs Modulus: 26 GPa

• Poissons Ratio: 0.24
• Density: 2600 kg/m3

• Average Principal Horizontal stress (σ1): 3 MPa + Depth[m] x 0.0020 MPa

• Average Secondary Horizontal stress (σ3): 1 MPa + Depth[m] x 0.0015 MPa

• Average Principal Vertical stress (σ2): Depth[m] x Density (kg/m3) x 9.81 (m/s)

It is remarkable to see that the primary stress tensor (σ1) is the horizontal component of the stress.
A large horizontal stress component is most likely the result of left-over forces generated during the
thrusting of the Caledonian Orogeny or the result of cooling patterns. Research about this, like the
one from Sheorey (1994) also stated that it can be approximated but it is heavily dependant on the
horizontal Young’s Modulus Eh. Thickness of crust also influences the horizontal stress level, with a
thicker crust leading to a larger horizontal stress. The lack of an apparent large vertical stress tensor
(σ2), as mentioned before, is due to the mine being in a mountain above sea level and not deep-lying
in the subsurface, thus not giving a very high vertical stress.
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2.3. Past Research
A lot of geological research on Stjernøya has been done over the years, as seen by the previous para-
graphs. Recent studies on the island either focus on the potential of apatite and phosphorus leaching
(Gautneb et al., 2009) or technical reports on problems in the mine (Schmitz and Hack, 2022), (Oost-
man, 2023), (A. Argilaga, 2017). One of the most apparent problems is the apparition of spalling on
several places in the mine. Spalling is a failure mode of rock masses that are either severely fractured
or under reasonably high stress, like very deep deposits (Figure 3.2)(Kaiser et al., 2000).

Because of the spalling occuring in such a low-stress underground complex, Sibelco launched sev-
eral researches into its origin. It is a rock mechanical ground rule that spalling occurs at stresses that
approximate half of the uniaxial compressive strength of the rock. This condition is, according to almost
all the previous measurements done in the mine, never met.

Stress could not be mechanically measured at the vehemently spalled regions due to the impossi-
bility of drilling a large borehole or sawing a slot. Next to that, it is generally accepted within the mine
that high stresses are rare. To start an investigation on non-mechanical, non-invasive deeper moni-
toring methods in the Stjernøya mine, Mulder (2019) investigated the Kaiser-effect on the rock in the
laboratory. Despite interesting findings in the lab, the application of acoustical investigative method did
not emerge as the solution to monitoring the spalled areas. Therefore, new research focused more on
the mineralogy of the nepheline syenite and less on the stress enacting upon the rock mass. Recent
mineralogical investigations by Oostman (2023) and van Tooren (2022) propose a solution. Apparent
amphibole lineation occurs at several spots within the underground complex, usually at areas that are
subject to spalling. It is possible that the lineation made the host rock weaker and more susceptible to
spalling. Figure 2.2 shows the lineation of amphibole at an area subject to spalling. Sibelco geotech-
nical engineers applied orange paint to see which part of the wall falls of and thus causes the removal
of the orange paint. After multiple visits to the mine and conversations with staff, it must be said that
spalling does seem to occur where this lineation is present. However, not every area with lineation has
spalling and not every spalled rock mass has this striking mineralogical feature.

To come to a more thorough conclusion, effective, non-invasive deeper stress measurement are nec-
essary. If stresses are measured to be low in a lot of spalled areas in the mine, it can be concluded
that the spalling cannot be the result of just rock mechanical stress but it is rather a result of geological
processes, as described by Ramsay and Sturt (1970), that have enacted upon the rock mass. The pos-
sibility of spalling being the result of a combination of stress and mineralogically weaker rock should
also be investigated. Next to that, rock mass stress measurements are also important as input for
the stress model of the mine, either as true input values or for calibration. Would a quick and effective
stress measurement coincide with the expectation of the model, more trust can be put in both the model
and the stress measurement. For the transition of the Stjernøya mine into a mature mine, a good stress
model is very important, given the difficulties created by the mining method, topography and geology.
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Figure 2.2: Lineation of amphiboles in the nepheline syenite at an area subject to spalling (Oostman, 2023).



3
Measuring Rock Strength and Stress

The following chapter aims at explaining the principles, physics and mechanics behind the stress within
rock and the measurement of that property. The understanding of these is very important for giving any
analytical review of the rock stress measurements. First, rock strength and stress is explained. Then,
individual attention is given to the tests performed in this research, explaining the methodology and
principles of analysis.

3.1. Rock Strength, Stress and its Parameters
The strength of rock is upheld by the bonds between its components: the minerals it consists of. During
the process of formation of the rock, minerals are being put together and held together. This is either
via interlocking of the minerals during its formation, because of immense pressure and temperature,
or by cementation of a secondary, finer, mineral that (partially) fills the cavities between the minerals.
These processes can happen multiple times, fuelled by geological and chemical processes that occur
within or around the rock.

Even though the past shapes the rock and thus also its strength, it does not leave behind visual mark-
ers that indicate the levels of stress the rock has endured or is enduring. For this, tests need to be
conducted. There are different lab-tests for different rock strength parameters. Listed in Table 3.1, the
three most important mechanical parameters regarding rocks can be found.

Table 3.1: Rock Mechanical Parameters

Parameter Sign Unit Description
Stress σ Pa or N/m2 Force Per Area
Traction T - Pa or N/m2 Negative Stress
Strain ε %/m/m2/m3 Deformation (compression is positive, dilation is negative)

The in situ stress parameters in Table 3.1 originate from the model by Augustin Louis Cauchy (1827).
He stated that stress inside and on a body, with infinite small stress tensors acting on it from 3D-planes,
can be found by knowing just three stresses in the perpendicular direction in the three dimensional
plane. In this report, these stresses shall be further referred to as sigma 1, sigma 2 and sigma 3, called
the principal stresses. How they enact upon an opening within a rock mass can be seen in Figure 3.1.

These parameters (sigma 1, 2 and 3) do not indicate the actual stress or strain enacted upon a rock
with one hundred percent precision. As with most tests or research within the field of Geosciences,
they rather give approximations of this value, given a (sometimes rather large) uncertainty.

However, a multitude of rock mechanical testing to find the sigma’s, combined with a (finite-element)

7



3.1. Rock Strength, Stress and its Parameters 8

Figure 3.1: Sigma 1, 2 and 3 acting upon an underground opening (Hoek, 2000).

model can provide useful information about the overall stress state of a body, like a subsurface terrain
of a mining area. The knowledge of the stress state of such a body allows a planner or engineer to
make key decisions about the lay-out of the mine and above all, safety. This is especially important
where the rock mass fails, or is expected to be failing in the (near) future. This can happen for a multi-
tude of reasons and is generally a result of either brittle rock or high stresses, or a combination of both.
Figure 3.2 depicts these failure modes. It is to prevent these that most rock mechanical testing and
acquisition of knowledge about the stress is necessary in the mine.

The previously mentioned Eurocode 7 (STANDARD, 2004) also uses the possible failure modes in
the choice of Category. Stille and Palmström (2018) reviewed the classes as specified in the Eurocode
7 and applied geotechnical risk, uncertainty and consequence classes to it (Figure 3.3). This created
a similar diagram as the one in Figure 3.2. Now, however, the geotechnical input is comprised into
three classes and the other one is an interprative risk scale based on the size and use of the under-
ground opening. Using this figure, geotechnical projects in the Stjernøya mine are interpreted and
measurements are done accordingly.
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Figure 3.2: Failure modes on an underground opening (Kaiser et al., 2000).
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Figure 3.3: Eurocode 7 categories and risks (Stille and Palmström, 2018).

3.2. Rock Mechanical Laboratory Tests
Before one can make a stress model or make a decision on what information is necessary, they need
to understand testing on rock. During the determination on what tests to conduct on a rock mass or
sample, it is essential to know what you want to measure and what you do not want or cannot measure.
Full reviews on measurement techniques can be found in literature. Zang and Stephannson (2009)
provided a list in their book in which most variants of any relevant rock mechanical stress test are pre-
sented.

As this research aims at a particular hard rock mine, certain tests may be more suitable to conduct
because of availability of machinery and sensors. Also in the laboratory, a selection needs to be made,
based on the characteristics of the rock and the availability of test apparatus and samples .

On the mine site, the strain relief flat jack method is used to measure and approximate in-situ stresses,
to be used in modelling software. Additionally, tomographic low-frequency P-wave acoustics are used
to find the velocity of the rock. The velocity of the wave can then be compared with the CHILE (Con-
tinuous Homogeneous Isotropic Linear Elastic) behaviour of the rock, to find parts where it does not
behave according to CHILE, and it thus found discontinuities in the rock. Also, Rock Mass Ratings and
Q-values can be used to aid engineering analysis and to find properties of the rock mass and its visual
discontinuities.

In the lab, to make just comparisons with the in-situ testing, a suitable replacement for the flat jack
test needs to be found. Because of the lack of a large enough rock mass within the lab, strain relief
testing is difficult. Instead, a strain induced method is chosen. Acoustic P- and S-Wave transducers
will be used in combination with uniaxial compressive strength (UCS) tests. The next paragraphs will
be aimed at explaining the tests used and research on the applicability and accuracy of them.

The research focuses on two sites in the mine. The first and prime location is on the intersection
of the old access tunnel (Ort i Felt, Figure 3.4) with the new access ramp towards the top of the mine.
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This location will be reffered to in this research by Hoek van Myrvang (HvM) or Corner of Myrvang. This
is where Myrvang (1973) conducted stress measurements, which were added to the World Stress Map
by Stephansson (1987).

Figure 3.4: The sign indicating the start of the Ort i Felt tunnel.

The secondary is location is the location of which samples where retrieved from the Stjernoya site
during previous research in the TU Delft (Mulder, 2019). This is an accessible wall between stope 1
of mine 2 and the larger stope of mine 1. The locations of both measurement areas are highlighted in
figure 3.5.

3.2.1. Unconfined Compressive Strength testing
The laboratory is a controlled environment in which rather uncontrollable and unknown factors that are
present in the field can be removed to create ‘true’ measurements on a rock sample. Even though
the main focus of rock mechanical monitoring in a mine is aimed at the uncontrollable and unknown
factors of a rock mass, laboratory testing is necessary to find reference parameters of your rock sam-
ple. Unconfined compressive strength (UCS) testing is widely used and documented as one of the
prime methods of testing the true strength of a rock as it is relatively easy to set up, but not without its
complications, as stated by Goodman (1991).

UCS testing is the way of finding the unconfined compressive strength of a rock via the application
of a uniform and increasing stress tensor on the vertical axis of a cylindrical-cut rock sample. Addi-
tionally, a radial strain chain can be applied to find the strain in another direction than the regular axial
strain. A laboratory set-up for a standard UCS test can be seen in Figure 3.6, and regulations for UCS
testing can be found in the ASTM D7012-14e1 (2017) document regarding the test.

The sample fitted into the machine is defined by its rock type and its dimensions (diameter and length).
Çelik (2017) states that here have been many experiments done on the what should be the correct
ratio between diameter and length of a sample. The general consensus and standards like the one
from ASTM (2017) (1 to 2-2.5) and ISRM (2007) (1 to 2.5-3) is that a sample should be at least twice as
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Figure 3.5: Lay-out of Stjernøya mine.
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Figure 3.6: Typical set-up used for a UCS-test, as used in this research.

long as its diameter, but no more than thrice as long. ASTM also mentions that a sample should have
a diameter of at least 47 millimeters. As this is usually not the case for mining-related tests (and also in
this report), the ASTM states that this is acceptable, as long as a remark is placed at the result-section
of the tested sample (ASTM D7012-14e1, 2017).

Measuring a cylindrical rock sample will provide information of a rock sample on its uniaxial compres-
sive strength. Next to that, it will give a representation of the elastic-plastic behaviour of the rock sample,
by measuring the strain the sample induces because of the stress applied to it. From the continuous
measuring of both strain and stress, the elastic constants of the rock sample can be determined.

There are two main elastic constants directly found from the data generated by the UCS test. These are
the Young’s Modulus (or Elastic Modulus) (Young, 1845) and the Poisson’s Ratio. To find the Young’s
Modulus, one must find the difference in strain after the application of a change in load or stress, as
seen by Formula 3.1. Only a CHILE material has a static Elastic modulus. During loading, rock can
feature multiple elastic stages with different elastic moduli. Therefore, an often used term is the dy-
namic elastic modulus or Ed, this is more useful for describing a rock and also for later analysis and
correlation. Poisson’s ratio (Formula 3.2) is found by relating axial strain with radial strain, to see how
a sample covers a change in axial strain with a change in radial strain. Figure 3.7 showcases a typical
stress-strain curve, from which Youngs Modulus and Poissons ratio can be found. The zones specified
there are continuous per increasing stress and are as follows;

I. Crack closure. (Increase in P-wave speed)
II. Elastic domain. (E and ν are retrieved from this zone)
III. Crack Initiation. (Start decrease P-wave speed)
IV. Increasing crack density. (UCS at end of this zone)
V. Macro-cracking. (Destruction of the core, low P-wave speed)
VI. Residual. (Broken core)

E =
σ

ε
(3.1)

ν = −dεradial
dεaxial

=
dεx
dεz

(3.2)

Loading in an active underground environment is rarely performed in the same way as a UCS-test.
To better understand the effect of the dynamic application of load on the samples, that is for instance
generated by drift creation, drilling and blasting or refill practices, cyclic loading can be applied. Rocks



3.2. Rock Mechanical Laboratory Tests 14

Figure 3.7: Strain zones of a rock specimen under loading (Goodman, 1991).

can either strengthen or weaken as a result of the cycles of stress applied to them. As a result of this, a
common term to describe the effect of long term varying load on a rock sample is fatigue. As explained
by Momeni et al. (2015), who tested granitic samples, cyclic loading can be used to find more dynamic
values for Youngs Moduli. Moreover, it shows that the continuous opening and closing of cracks has
an influence on the final strength of the samples and the strain that it endures. The research also found
that cyclic loading gives an indication of fatigue levels of the samples. Granitic rock as used in Momeni
et al. (2015) exhibited a decrease in fatigue stress (or fatigue UCS) with an increase in fatigue life (more
cycles of loading) according to a negative power law.

Methodology
The laboratory tests of this research are all conducted within the TU Delft’s own rock mechanical labora-
tory. Using the support of the laboratory technicians, this laboratory has produced results for more than
a hundred years. The machinery adheres to the standards of the ASTM, like the ASTM D7012-14e1
(2017) for Uniaxial Compressive Testing. As a starting reference, an older (2019) block of nepheline
syenite, as used in the research by Mulder (2019), was cut in cylindrical samples, using a diamond drill
(Figure 3.8). The block is from a known location in the mine where a flat-jack test has been conducted
(Measurement location stope 2) in the past and acoustic measurements will be done on in this thesis.
These 2 cylindrical cuts were later made into five 30mm(diameter) - 70 mm (length) samples using a
diamond cutter.

A choice was made for the 30mm diameter and 70 mm length to match the apparent strength of the
nepheline syenite and the capabilities of the load cell (maximum 500 kN of load). It is important that
the sample can be broken, thus a relatively high (2.3) ratio between length and diameter was preferred
over the TU Delft standard 30x60 configuration. Also, material properties allowed for a cut of 5 even
30x70 samples. In case a sample showed brittle behaviour at the sides, a choice could be made to
remove 10 millimeters from the length of all samples, something that would not be possible when using
30-60 millimeter samples from the start. Later, the samples from Hoek van Myrvang were drilled in the
mine using a diamond drill (3.9) of 40mm. Therefore, a choice was made to make those samples >80
mm of length, to match the guidelines as specified in the ASTM D7012-14e1 (2017).
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Figure 3.8: The author of this report drilling the samples from a nepheline syenite block.

Figure 3.9: The location of the sampling drillholes compared to the old drillhole by Myrvang in 1973.



3.2. Rock Mechanical Laboratory Tests 16

The samples were then dried and put into the set up of the UCS-machine. A schematic of the set-up is
visible in Figure 3.6 in the previous paragraphs and an actual image of a sample between the several
plates is visible in Figure 3.10.

Figure 3.10: A (broken) nepheline syenite sample in the set-up as described before.

To start the test, a begin and end point are specified in the loading software of the load cell. Two
displacement transducers are set to minimum amount of displacement and coupled to each other to
calculate average axial strain during the application of load. Furthermore, a chain is put around the
sample to actively measure the radial strain by the sample.

Once the safety barriers are put into place, loading can begin using a strain-controlled mode. This
implies that every second, the load cell tries to achieve a certain amount (0.001 mm) of strain. It is
important that the acoustic and stress-strain measurement start at the exact same time for further ref-
erence and comparison in analysis. During the test, until loading, strain measurements, both axial and
radial are taken. Once a sample breaks and no longer has any strength left, the test is stopped and the
data analysed. A summary of the samples with notes can be seen in Table 3.2. Furthermore, some of
the samples will be loaded cyclically, to achieve fatigue values and to see the possible change in UCS,
strain and thus elasticity. This will be achieved by loading the first sample in the sample group towards
its maximum UCS. Using this UCS, the next samples can be loaded towards roughly 10% of that UCS,
and consequently unloaded. The next loading cycle on that same sample will be increasingly powerful
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towards 30% of the UCS of its predecessor, and consequently unloaded. Cycles then follow to 50 and
70 % of the UCS value. The final loading cycle will go on until the breaking of the sample is achieved.

Table 3.2: Samples used in the UCS-test

Sample ID: Diameter (mm) Length (mm) Note
ALU1 30 70 Dummy sample
NSLM1 29.82 70.13 Had a crack in it (visible before loading)
NSLM2 29.79 70.09
NSLM3 29.85 70.17 Errattic loading, no data gathered
NSLM4 29.91 70.15
NSLM5 29.78 70.04
ALU2 40 80 Dummy sample for new set-up
HvMCore1 39.91 80.54
HvMCore2 41.10 80.53 Does not adhere to ASTM D4729-19 (2019)
HvMCore3 39.65 80.42 Visibly cracked sample
HvMCore4 39.70 80.41
HvMCore5 39.60 80.25
HvMCore6 39.61 80.09 Cracks visible
HvMCore7 39.80 79.91

Analysis
By applying the formula’s mentioned in Chapter 3 and then in particular formula’s 3.2 and 3.1 on the
elastic (straight) part of the stress strain curve (Figure 3.7) one can obtain the elastic parameters. The
UCS of the samples is the peak load or the highest stress the sample could sustain without breaking.
The problem with the set up is the usage of the pistons and metal plates between the loading plates
and the sample. This does not influence the UCS but it does influence the measured axial elastic pa-
rameters.

To allow for removal of the ’error’ generated by the usage of different material as the sample, the
set up is fitted with an aluminium sample (with a known Young’s Modulus of 70 GPa) and consequently
measured. The found stress-strain curve can then be rid of the elasticity induced by the aluminium
sample, which generates a curve that fits the strain of the set up. For evaluation purposes, the Young’s
Modulus of this strain is consequently found and using this Young’s modulus, future tests on samples
can be adjusted accordingly.

The data that is found after adjusting for the set up is compared with the values of the other sam-
ples and ones found in literature to see if they can be interpreted as correct measurements. Following
this check, the Young’s Modulus (E) and Poisson’s ratio (ν) can be used to calculate the Bulk Modulus
(Formula 3.3), Shear Modulus (Formula 3.4), Lamé’s first Parameter (Formula 3.5) and the P-wave
Modulus (Formula 3.6). These can then be used to interpret the data more thoroughly and for compar-
ison with other tests.

K =
E

3(1− 2ν)
Bulk Modulus (GPa) (3.3)

G =
E

2(1 + ν)
Shear Modulus (GPa) (3.4)

λ =
Eν

(1 + ν)(1− 2ν)
Lamé’s First Parameter (GPa) (3.5)

M =
E(1− ν)

(1 + ν)(1− 2ν)
P-wave Modulus (GPa) (3.6)

3.2.2. High Frequency Acoustic P/S-wave measurements
The way the UCS test is performed makes it possible to also put acoustic (also known as seismic),
ultrasonic P and S waves through the sample. The P wave, short for primary wave or pressure wave,
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is an elastic wave that propagates through a medium, generated by a source. This source can be as
large as an earthquake or as small as an piezo-electric transduction, as used in the laboratory. The
S-wave, short for secondary wave or shear wave, is also an elastic wave that propagates through a
medium.

The difference between the two is in the names they have been given. P waves come before S waves,
hence the primary and secondary. Next to that, P waves are waves in the form of pressure (compres-
sion and dilation), thus only moving the medium in one direction, parallel to the propagation of the P
wave. S waves, on the other hand, are shearing through the medium, meaning they move the medium
perpendicular to the wave propagation, thus needing more energy and losing speed. Because of the
higher energy of the S-wave, the S-wave is more powerful than the P-wave. This difference is also
seen in earthquakes, where the quicker P-wave is used as an indicator for the more destructive, but
slower, S-wave and Rayleigh waves. Figure 3.11 depicts the difference between P-wave and S-wave.

Figure 3.11: Difference between P-wave and S-wave (Newman, 2018)

“Listening” to a P- or S-wave will give information about the wave form and arrival time of both waves.
The relevance of this information has been studied a lot over the years. Bieniawski (1978) called it
‘petite seismic’ and correlated the frequency of the seismic S-waves, generated by a hammer, with the
in-situ Young’s Modulus. He found an empirical relation, Equation 3.7, between the two properties.

EM(GPa) = 0.054f − 9.2, with f in Hz (3.7)

More recently, with the ever evolving methods of generating and measuring P-waves, Zhang et al.
(2021) described the relation between stress and P-wave speed in sandstone samples, concluding
that in the elastic zone, speed and stress correlate strongly. P-wave speed evolves non-linearly with
increasing and decreasing stress. When the loads exceed the elastic capacity of the sample, the P-
wave speed starts to decrease. This usually happens after 70 % of the peak strength or UCS.

The strong correlation between rock characteristics and P-wave speed is also confirmed by Rahman
and Sarkar (2021), who through the application of a neural network, (un-)supervised learning and a
large lithological dataset, found that per lithological group there exists a correlation between P-wave
velocity (V p) in granites, and UCS, Equation 3.8.

UCS = 5.095V p1.8671 (3.8)
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A similar study, conducted by Yesiloglu-Gultekin et al. (2013) also found a correlation (Formula 3.9)
between UCS and P-wave velocity in granitic rocks which gives similar results to that of Rahman and
Sarkar (2021).

UCS = 0.027V p− 19.759 (3.9)

Barton (2006) covers the correlation of seismic or acoustic velocity of a rock with multiple properties
of the rock mass, like rock quality (RQD), attenuation and anisotropy, this will be used later in this re-
search. Also, this book shows that laboratory results from the seismic velocity are essential to correctly
interpret the field data gathered.

Using the dynamic properties of the P-wave and S-wave, it is also possible to calculate a dynamic
elastic modulus. This is done by using formulae 3.10, 3.11, 3.12, 3.13 with ρ being the density of the
medium (kg/m3). It uses the elastic properties of rock and the dynamic Poissons ratio to find this modu-
lus. As the resultant value of that calculation is usually estimated higher than the static Youngs Modulus
found via the stress-strain relation, various studies have been done on finding a way to correlate both
values.

M = ρV p
2, P− wave Modulus (GPa) (3.10)

G = ρV s
2, S− wave Modulus (GPa) (3.11)

νd =
V p

2 − 2V s
2

2(V p2 − V s2)
, Dynamic Poisson′s Ratio (3.12)

Ed = M ∗
[
(1 + νd)(1− 2νd)

(1− νd)

]
, Dynamic Young′s Modulus (GPa) (3.13)

Li et al. (2006) studied these dynamic properties of rock and found a strong correlation between the
two, but also stated that elastic moduli are stress dependent and should thus be treated as such. They
also gave three correlation formulae (3.14, 3.15, 3.16), retrieved from literature, to transform dynamic
elastic moduli in the more used, but static Youngs Modulus.

Es = 1.263Ed − 29.5, (King, 1983) (3.14)
Es = 0.74Ed − 0.82, (Eissa and Kazi, 1988) (3.15)

log10(Es) = 0.02 + 0.7log10(ρEd), (Eissa and Kazi, 1988) (3.16)

It can thus be observed from literature that there is a clear significance in measuring P and S-wave
speeds in a sample, for multiple purposes. The combination with uniaxial loading makes it also suitable
to measure and monitor the dynamic moduli in a rock, which might give insightful data for comparison
between measuring velocities in the mine and measuring velocities in the lab. Chen et al. (2020) also
studied the effect of the dynamic properties of rock samples using cyclic loading and found similar re-
sults to the correlation formulae (3.14, 3.15, 3.16). Interestingly, they found the velocities at low stress
to be decreasing after multiple loading cycles. They attributed this phenomenon to the initiation of
cracks in the higher stress domain. The peak stress in the research by Chen et al. (2020) increased
gradually after every cycle and with it the P-wave velocity.

By applying cyclic loading on the samples, it can be interesting to see whether the Kaiser effect, as
explained by Mulder (2019), is also observable using active acoustics. It has mostly been used to
observe the ’stress-memory’ of rock samples using acoustic emissions, which according to the Kaiser
Effect should be dominantly observed after the increasing stress surpassed the previous stress-state
of the rock sample.

Methodology
During a UCS-test (Figure 3.6), the nepheline syenite is held in its place by two aligned transducers (see
Figure 3.10) to prevent measuring a different S-wave phase. The ceramic piezo-electric transducers are
fed by an amplifier which amplifies the signal from an oscilloscope. While testing, the top transducers
sends a signal through a conducting lubricant, stainless-steel piston, the sample, conducting lubricant,
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Figure 3.12: Schematic of the Active Acoustic signals and data during measurement.

stainless-steel piston towards the receiving transducer. This signal is then received in a processing
oscilloscope, next to the original wave-form, produced by the producing oscilloscope. Via filtering and
measuring over a time of 5 seconds, one can obtain a standing wave related to the stress the sample
is enduring around that time. A schematic of the data gathering and processing using Active Acoustics
is visible in Figure 3.12

To remove unwanted data one would have to remove the time it takes the wave to travel through the
pistons. By measuring a known (aluminium) sample, traveltime adjustments can be made for the media
that are not the sample. Noticeable on Figure 3.10 are the tapes around the stainless steel pistons.
These tapes hold a rubber cylinder in place, which can harmlessly apply uniform pressure at the trans-
ducers to achieve a good transmission of the signal. Once applying stress using the hydraulic pump,
the starting position of the measurement is the moment when a solid waveform can be measured using
the pistons.

During the UCS test, active measurements are taken over a 5 second period. Because of the calculat-
ing capabilities of the oscilloscopes, the period it takes to do the averaging takes around 10 seconds.
This means that a half of the acoustic data is not measured. Nonetheless, the representation of the
waves should still be sufficient for the purpose of the research.

After a sample breaks and the load-cell is stopped, it is important to immediately also stop the acoustic
measurement, to ensure comparison for results. Then data is then stored and analysed.

Analysis
The acoustic measurement results in the acquisition of a wave profile over time (amplitude against
time) per time step, where each time step correlates with 1 wave profile generated. A general UCS test
generates between 65 and 100 time steps of 10 seconds in which the average wave-data of that time
step is stored. As this data is created as binary data, the first step for analysis is the conversion of the
data into normal integers. The code for this conversion is provided by the laboratory staff. The second
step is to take a rolling average of the data over a certain period of time (µs), using a simple convolution.
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The averaged data is now ready to be interpreted on travel time. The travel time is the time it takes for
the wave to go from its source to its receiver. As the transducers used in this research are capable of
generating both a P-wave and a S-wave, every measurement will require two readings of travel time.
As waves are undulating and sometimes tricky to read without bias, this research created a code that
aims at approximating the onset of the wave-arrival as good as possible.

The found travel time now needs to be adjusted for the time it takes to travel through the pistons before
the wave transfers to the sample. For this adjustment, the aluminium dummy test comes in useful. By
subtracting the time it takes to travel through the known aluminium sample (length as specified and
P-wave-speed of 6420 m/s, S-wave-speed of 3040 m/s), the residual travel time can be found. This is
now the time that will be subtracted from any found travel times and ensures a most accurate result as
possible. The travel time, in combination with the length of the sample can further be converted into a
wave-speed. Following the explanation in Chapter 3 and formulae 3.10,3.11,3.12 and 3.13, the travel
times can be turned into elastic properties for comparison with the values found in the chapter above.

Also interesting for the analysis is the comparison with results found in the acoustic velocity measure-
ments. Although the tests are not conducted in exactly the same way, the medium should behave in a
similar manner and have the same wave speeds. This holds as long as the laboratory tested rock has
the same properties as the rock that is acoustically measured in the field.

3.3. Rock Mechanical Field Tests
Because the tests had to be performed in an area without an active power supply, all the power was
supplied by either batteries or the engine of a large tractor at the site. The cold environment (±3oC) of
the mine also influenced the durability of the testing equipment and the power of the batteries. Nonethe-
less, with some handywork, tests could be conducted to the highest precision possible. The testing was
done during the downtime of the mine, to prevent vibrations and other nuisances by the active mining
operations. The absence of mining operations also ensured safety during the tests, as the location is
next to the access road.

3.3.1. Flat Jack Test
The technique of flat jack testing has been introduced by Tincelin (1953) in France in 1952 as the first
scientific way to measure stress in-situ in a rock mass. Since then, it has been further developed and
used and is a well-known method in both mining and construction stress determination (Dodds, 1969),
Alexander (1960), Panek and Stock (1964) and Schmitz and Bertges (2020). Flat jack testing is based
on, as its name suggests, the application of a flat jack into a slot in a wall. The flat jack is in fact noth-
ing more than two steel plates filled with hydraulic fluid, welded together in a shape of choice (usually
rectangular or semi-rectangular/semi-circular). Two nozzles are welded on it to connect to an hydraulic
pump. Despite its apparent ease to perform, ASTM has withdrawn the standard for the performance
of the flat jack method to determine in-situ stresses and deformation moduli (ASTM D4729-08, 2017).
Nonetheless, this research tried to keep the standard in mind whilst performing the flat jack test.

This slot is cut in whatever direction is wanted. He and Hatzor (2015) suggest that, in order to find
the exact three dimensional stress profile in an ideal round tunnel of CHILE rock, a combination of six
flat jack tests, at three different angles against the tunnel direction and at three different angles against
the tunnel radius, would give the exact in-situ stress tensors. This is, however, not always necessary,
depending on the result you are after. Goodman (1991),for instance, suggest at least 2 measure-
ments, in the roof and in the wall. A single stress measurement, in combination with other methods like
acoustics, can also give a full impression of the absolute in-situ stress state, given a proper correlation
between acoustic measurements and stress (Leeman, 1964). This knowledge might already be good
enough for engineering purposes (STANDARD, 2004).

A flat jack test, as seen in Figure 3.13, is set up in the following way. In a desirable location, the
slot is cut using a cutting method, like a blade-saw or a diamond-saw. It is necessary to create an
opening large enough that it will fit the desired flat jack. This flat jack cannot be outside the slot, for
sound measurement and safety. Upon opening the slot, the rock mass will deform because of the
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Figure 3.13: Flat jack (a) and Flat jack set-up (b) from Goodman (1991).

in-situ stress (σ0 in Figure 3.13) or traction. Therefore, strain measurements (d in Figure 3.13) need
to be taken to measure the deformation of the host rock. This can be done with strain gauges or with
lasers. It is important to keep the measurement of deformation close to the slot over a length that is
approximately one-third to a half of the length of the flat jack (Tincelin, 1953) (Goodman, 1991).

Upon the completion of the cut-out of the slot, one waits for the stabilization of the strain relief. Then,
the flat jack can be inserted. The flat jack is pressurized (via the oil and pump in Figure 3.13) with
relatively small increments, to actively measure the stress (with a manometer in Figure 3.13) and strain
acting upon the rock. Once the strain has returned to its initial value, the stable value at the start of
pressurization, the final pressure in the flat jack can be called the cancellation pressure. Schmitz and
Bertges (2020) reported on a new method of flat jack testing, using a laser, this will also be the method
used in this report whilst ASTM D4729-19 (2019) standards will still be adhered to for this test.

The direct results of the tests are then the cancellation pressure, along with a plot of the strain against
the applied pressure. Various methods can consequently be used to determine the principle stress
perpendicular to the flat jack. As indicated before, this is dependent on the location of the flat jack, the
size of the flat jack and the size of the slot. The calculations mentioned in the ASTM document are
based on workouts by Dodds (1969), Alexander (1960) and Panek and Stock (1964) and have since
the 1960s been accepted and used for doing flat jack tests and calculating elastic response of rock
masses. They are based on the elastic theory principle proposed by Tincelin (1953) that a flat jack
is a elliptical opening in an infinite stressed sheet, where W is the displacement of the opening. This
displacement is built up by three individual displacements, namely (ASTM D4729-08, 2017):

• W0 = The displacement on one side of the slot during cutting of an infinitely thin slot
• W1 = The displacement on one side of the slot due to finite slot width
• W2 = The displacement on one side of the slot due to biaxial stress (σ2)

Realizing that W = W0 + W1 + W2, it becomes clear that the application of stress to cancel this
displacement using the flat jack (Wfj) also cancels out all these individual displacements or:

Wfj = W = W0 +W1 +W2 (3.17)

Via elastic theory and trigonometry, formulas (not mentioned in this report) for W0, W1 and W2 were
derived. Using 3.17, a formula for Wf j could also follow:

Wfj =
PC0

E
∗

{
(1− µ)

[√
1 +

Y 2

C2
0

− Y

C0

]
+ (1 + µ)/

√
1 +

Y 2

C2
0

}
(3.18)
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Figure 3.14: Geometric description for elastic calculations (ASTM D4729-08, 2017).

where:

• P = Cancellation Pressure (MPa)
• C0 = Half length of the flat-jack (mm)
• E = Youngs Modulus (MPa)
• µ = Poissons ratio
• Y = distance of deformation measurement point to center of flat jack. (mm)

This displacement at the flat jack should always be greater than the measurement made above or
Wfj > ∆d and as such can act as a control measure of the flat jack method. Further analysis can be
done on the induced strain in the rock mass, to find the elastic modulus, given that measurements are
done in two points that lie a distance L from each other in a line perpendicular to the flat jack (Figure
3.14). To then calculate the elastic modulus, the following formula applies:

E =
PLR

2π∆d
(3.19)

Here:

• E = Youngs Modulus (MPa)
• P = Cancellation Pressure (MPa)
• L = Distance between measuring points (mm)
• R = The stress distribution factor
• ∆d = deformation measurements between points. (mm)

The stress distribution factor R can be formulated using the geometry visible in Figure 3.14, the Pois-
son’s ratio µ and the angles from the measuring points to the ends of the flat jack, Aq and Az:

R = Aq + sinAq − µ(Aq − sinAq) +Az + sinAz − µ(Az − sinAz) (3.20)

Finally, the cancellation pressure P needs to be adjusted to find the actual stresses acting on the rock
mass of interest. The method used in ASTM D4729-08 (2017) states the following formula but no clear
adjustment constants:

σ = P ∗ a+Q ∗ b (3.21)
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Where Q is the stress parallel to the flat jack and a and b are the adjustment constants governed by the
geology and geometry of the flat jack and the slot. In industry reports, such as Schmitz and Bertges
(2020), the adjustment is done with a method known as the tributary area method. Being derived from
room and pillar mining (Figure 3.15), this method takes into account the overhang that is cut away by
the diamond-saw, but not supported by the flat jack. To get an as good as possible result from the com-
parison of the pressure imposed by the flat jack with the actual acting stresses, the overhang should
be taken into account. The workflow for the tributary area method is as follows:

First one compares the total slot area with the area of the flat jack, to determine which area of the
’roof’ is supported by the flat jack and which area is supported by the wall. Using that information, the
extraction ratio r (Hauquin et al., 2016) can be found and formula 3.22 can be used to retrieve the real
stress (σreal) from the pressure in the flat jack (σmeasured). This is an adaptation of Formula 3.21, and
assumes the stresses acting on the plate to be only perpendicular.

σreal = σmeasured(1− r) (3.22)

Figure 3.15: Tributary area in room and pillar mining to calculate pressures in the pillar induced by the additional overhang
(Goodman, 1991).

If multiple flat jacks are done in 2 stress directions, it could be useful to utilize the Kirsch-equations, as
specified by Kirsch (1898) for openings in a rock-mass. However, this method assumes a CHILE rock
mass. Khodabin and Hosseinitoudeshki (2014) tried to figure out a way to interpret the Kirsch parame-
ters for non-homogeneous rock, but only did this for tunnels and larger openings. It is thus questionable
whether this also applies to smaller openings, like a flat jack. Now some formula’s will follow to explain
the The modified Kirsch equation, as specified by Goodman (1991) is shown in equations 3.23, 3.24,
3.25.

σr =
P1 + P2

2
(1−a

2

r2
) +

P1−P2

2
(1−4a

2

r2
+

3a4

r4
)cos(2θ) (3.23)

σθ =
P1 + P2

2
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2

r2
)− P1−P2

2
(1 +

3a4

r4
)cos(2θ) (3.24)

τ rθ = −P1−P2

2
(1 +

2a2

r2
− 3a4

r4
)sin(2θ) (3.25)

In the equations above, σr is the stress resulting from the opening at a distance r in the wall, σθ is the
stress at angle θ from that opening, τθ r is the traction at the point with coordinates (r,τ ) resulting from
the opening. Inputs are P1 (σ1), P2 (σ2) and a is the radius of the opening.
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Figure 3.16: The laser measuring deformation with respect to the plate attached to the wall.

Methodology
The flat jack is set up in the following way, as specified by Schmitz and Bertges (2020). First, a location
needs to be determined. This is preferably done at a accessible part of the rock mass, to make the
handling of the preparatory work easier. It is also important that the area is relatively flat and is suitable
for the type of stress you want to measure. It is thus chosen to take a flat area at the height of one’s
hip, some 3 metres from the stress measurement in the World Stress Map.

At this location, a bar of around 3 metres in length is connected to the rock mass via rock-bolts. The
bar is leveled as much as possible. Then, in the middle of the bar, a bolt is connected at 13.5 cm, which
is around 1/3 of the length of the flat jack (35 cm). It is from this bolt that the strain measurement will
be taken, with respect to the bar (Figure 3.16). This bolt is consequently fitted with a plate that is also
leveled. Finally, a saw-stabiliser is attached to the wall. It is important to make sure this attachment is
in the exact right position, as the horizontal and vertical dip of this attachment will determine the angle
in which the flat jack fits in the wall.

Finally, a laser is attached to the bar, pointing towards the plate attached to the rock-bolt. Using this
laser, continuous measurements are taken of the strain endured by the rock mass. Once the laser is
set up, an initial measurement can be taken. This is the zero-deformation measurement and will be
the reference point for the loading cycle as it indicates the cancellation pressure. With this important
distance noted, the diamond saw can be attached to the stabiliser and using hydraulic power a 4 mm
slot can be cut into the wall. This is a tedious process (± 12 hours) as the rock is very hard and it
cannot be automated due to the ever changing rock conditions. The sawing thus had to be made com-
fortable (Figure 3.17). During the sawing, measurements are taken to reconstruct the test as precisely
as possible after its completion.

Also the sawing process is measured to see how much more sawing is required to fit a flat jack and
for reference in the tributary area method. To measure the stress perfectly, a slot of exactly the shape
of the flat jack would be ideal. To prevent the flat jack from bursting during the loading cycle, a certain
distance between the jack and the pointy saw-pattern is required. The final set up of the flat jack in the
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wall and the attachments on the wall can be seen in Figure 3.18.

Figure 3.17: The sawing of the slot of the flatjack (by Jeras Dieleman).

Figure 3.18: The set up of the flatjack.

After the insertion of the flat jack, the hydraulic hose is attached to one end of the jack and the other to
a manometer. This manometer is then connected to a manually operated hydraulic pump, for precision
pumping. Once everything is connected and tested (e.g. pressurization is possible) and no air is left
in the hose or the flat jack, the flat jack measurement could commence. It is, however, chosen to take
a break before loading the rock again, to let the deformation stabilize. The first reading on the laser
(Figure 3.16) is then maximum deformation. The pressure in the flat jack is consequently and increased
with steps of 1 MPa per pumping increment. Every time, the pressure as well as the deformation is
noted down in a spreadsheet and a handbook, along with the time. This is continued until the zero
deformation criterium is met. After that, the unloading of the jack can begin in slightly larger steps of 5
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Figure 3.19: A schematic of the set up of the flatjack.

MPa. Once the flat jack is no longer under pressure a second cycle can begin and after that, a third.
This whole process takes no longer than 2 hours. For reference and understanding, a schematic of the
flat jack can be seen in Figure 3.19.

Next to the flatjack measurement, precise measurements of the location and the set up are taken using
a laser-theodolite. It does so by measuring laser travel time and angle between the theodolite and two
known and visible reference points in the mine and connecting that knowledge with the same technique
applied to a point on the wall. Using the data collected by the theodolite, levelling of the flat jack can
be corrected for by using Elastic Theory. Also, by knowing the exact location of the measurement, the
stress value found can later be implemented in the stress model of the mine.

Analysis
By applying the methodology, the flat jack yields a pressure-strain graph and an adjusted stress value.
The Youngs Modulus can be retrieved from the stress-strain curve or by using the ASTM-mentioned
method. Analysis should be done carefully, as this Youngs Modulus is very dependent on the local
rock mass quality and the stress-level. It might be better to compare it with the Modulus found using
the RMR or Q-rating system instead of comparing it with the Youngs Modulus found in the UCS-test or
Acoustic tests. That being said, the rock in the rock mass is still the same as measured in the laboratory
and using the other tests, thus yielding the same rock mechanical parameters, only differening because
of macro-scale differences (cracks, shear zones).

3.3.2. Acoustic Velocity Measurements
Acoustic Velocity Measurements works according to the same principles as the high frequency P and
S-wave measurements in the lab. The low-frequency waves are generated and measured at one end
of the medium and then propagate through the medium to the receiver, which stores the data stored in
the wave in a computer. Tomography is the act using waves to describe sections of a body, and thus
generating a two dimensional or three dimensional image.

The implementation of acoustic tomography is being researched since the 1980s. Thill et al. (1989)
argued that the technique could have important use in the mining industry for multiple uses. The report
compared the application of techniques used in borehole-logging of the oil and gas industry with appli-
cability in mining. It identified the following 7 potential and promising uses of acoustics or seismics in
mines:

1. Elastic and Deformational Properties
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2. Anisotropy
3. Porosity
4. Rock Quality
5. Geological Anomalies
6. Water Content
7. Stress state

Friedel et al. (1995) used extensive Acoustic or Seismic Tomography in a deep silver mine to find highly
stressed zones. Even though it was hard to construct a full three dimensional image using only seis-
mic tomography, their research did manage to easily find highly stressed zones using the tomographic
sections. They also concluded that tomographic imaging or measurements should be done during
maintenance or shift changes, as the slightest noise can drastically offset the data. Also, the research
by Friedel et al. (1995) found that it was hard to determine the exact path of the waves, due to backfill
and other non-host rock material. Waves would merely go around these low-velocity zones and thus
any results could not be interpreted correctly.

More recently Dong et al. (2022) also used acoustic tomography to find anomalies in heterogeneous
subsurface rock masses. Even though a full recreation of the anomaly was not achieved due to the
complexity of acoustic tomography, it was possible to conclude a good understanding of the subjected
rock mass. As a concluding statement, they stated that sensor placement and reduction of background
noise if very important for this technique.

Methodology
On the same rock mass in which the flat jack measurement was done, also acoustic measurements
could be taken. The location is ideal for this as it features two semi-parallel walls in it, one at the access
tunnel and one at the indent in which the transformer block is located. As this is not the case in all parts
of the mine as it is not a room and pillar mine, measurements along the wall that has the flat jack in it
were also conducted.

On both sides of the pillar, five rock bolts were drilled into their respective walls (approximately 10
cm into the rock), giving 10 locations of measurements. Also on the walls along the underground open-
ing bolts were places (WSP and WNP). On the bolts, a geophone is places using the thread of the rock
bolt (Figure 3.21) to assure firm attachment and thus transmission of the acoustic wave.

The mine only had 3 available geophones (developed by Sibelco and Dr. Bertges Vermessungstechnik,
type AANDOS, 2017) so for ease of measurement it was chosen to only use two, one sender and one
receiver. The sender is less sensitive as the receiver, as the sender is close to the source and thus
needs more dampening for a clear signal representation. After testing and calibrating the geophones,
testing could commence. This was done from the locations as seen in Figure 3.20.
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Figure 3.20: Locations of geophones with respect to flat-jack.

Figure 3.21: AaNDoS geophone connected to a rock bolt.
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As by Figure 3.22, two geophones, a sender and a receiver, are connected to the rock bolts in the wall.
After this, a hammer blow is applied to the wall to create a wave (seismic/acoustic, low frequency P-
wave). This wave propagates through the rock mass to the very close sender and the opposite receiver.
The geophones record the wave signal and send it to the computer. The hammer strikes three times for
comparison. Then, the data is saved on the computer and the geophones are switched from position
1 to position 2 on both sides of the rock mass. The same action is repeated and the geophones are
replaced again and again till position 6 is reached. To ensure stability of the data and to create a clearer
image for the tomography, the sender and receiver are switched from tunnel to transformer and vice
versa. Following this, the whole process is done again. After testing, the recorded data is analysed.

Figure 3.22: A schematic of the set up of the acoustic test in the mine from tunnel (left) to transformer (right).

After the test through the pillar, a sonic velocity test through the wall of the where the flat jack was
(named WSP) situated is conducted. This will be done from locations spaced roughly 4.5 metres from
eachother. From each location measurements will be done to all the other locations on that wall and
vice versa, creating 12 separate measurements along the wall. The test and installation procedure is
the same as the test through the pillar. Figure 3.20 shows the bolt locations (WSP) on the respective
wall with respect to the flat jack. A similar test was done on the opposing wall (WNP). There, only three
measurement points were added, as a massive weakness zone intersected the wall outcrop. Figure
3.20 shows the locations of measurements on that side of the wall.

Thirdly, a test lined out similar to the WSP measurement was done on the wall in stope 1 of under-
ground mine 2. Interestingly, during geotechnical work by Schmitz (Aug. 2018), the flat jack of that
measurement showed extension and no compression during the cutting of the slot. No traction-value
could be found but perhaps the measurement of acoustic velocities will provide the answer.
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Analysis
Once again, the in-field acoustic measurements should be handled the same way as the laboratory
measurements. The measurements produce a binary file that was converted by the provider of the
equipment and then stored in a text file denoting time and amplitude. As two measurements are taken
and the source wave is produced by a hammer blow and thus not exactly known, analysis is done on
the difference between the two waves, as well as on the wave-form of a single wave. As for now, only
velocity analysis is done, due to the difficulty of reading the data files properly and the amount of noise
on the data. The velocity analysis itself is rather simple and compares the arrival time of the wave at the
sender (the first receiver) with the arrival time at the second receiver and divides this by the distance
between the two points. The found velocity, which is a P-wave velocity, can then be compared with
values found in the lab to correlate a stress based on velocity with it.

3.3.3. RMR and Q-value rating
The most challenging part of underground rock monitoring is the identification and understanding of
weaker parts of the rock mass. With the aforementioned methods it is possible to measure stresses at
certain locations, but identifying locations that are prone to failure because of bad rock quality is still
difficult. It is too time-consuming to utilize either of those methods on every part of the mine. Numerical
models can predict stresses in the mine, but this is not always also an indication of the quality of the
rock. This problem was already identified long ago by Barton et al. (1974) and Bieniawski (1978) who
built upon the Rock Quality Designation (Deere, 1964) to develop their respective RMR (Rock Mass
Rating) (Bieniawski, 1989) (Developed between 1960 and 1973) and Q (rock mass Quality)-value (Bar-
ton et al., 1974) rating systems. The rating sheets can be found in the Appendix A (RMR) and Appendix
B (Q-value rating).

These methods rely on visual interpretation of the rock mass, visible in underground openings. In
the respective work of Barton and Bieniawski it becomes apparent that, because of the change of
scale, different interpretations can be made on the strength of a rock mass. The ratings are based on
the occurrence and state of joints (small scale recurring discontinuities) in the rock, along with other
macroscale properties of the area of interest. Nonetheless, it still relies on information from the lab, like
UCS, and information from core logging (RQD).

Barton (2006), who is the creator of the Q-system, did extensive research into the applicability of the
Q and RMR rating systems into scientific methods that are less prone to interpretation bias, but more
prone to measurement errors, like stress and velocity measurements. The extensive work covers the
relations between velocity, attenuation and stress. A highlighted case-study in the book shows remark-
able resemblance to this research, as also there, velocity, stress and a rating system were used to
qualify a rock mass in the shallow subsurface of Norway. In this research (Barton et al., 1994), the
subsurface was thoroughly measured on rock quality (RQD) via cores. Also cross-borehole acoustics
were done, of which the results are visible in Figure 3.23.

Notable from this research was that although the velocity increased with increasing depth (Barton as-
sumed increasing depth also meant increasing stress), the RQD (which is also used in the RMR and
Q-rating systems, based on joints in the rock) from the cores stayed roughly the same with increasing
depth. This is of interest in the mine because this means that velocity is not completely dependant on
the joints in the rock and that perhaps confining pressure (the in-situ rock stress) closes the joints in
the rock mass, leading to a higher velocity.
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Figure 3.23: Velocity profile of Gjøvik cavern site (Barton et al., 1994).

Rock quality rating systems are mostly used to determine the need for additional support of walls and
roofs in underground openings. That being said, it can, in combination with additional geotechnical
monitoring methods, also be used as a monitoring method and correlates reasonably well with other
properties of the rock, like the acoustic velocities (mainly P-wave) measured during the tomography
or by cross-borehole measurements. This has been done and confirmed in multiple case studies, like
Hemmati Nourani et al. (2017), Barton (2002), Barton et al. (1974) and Liu et al. (2021), although it
was noted that correlating should not be taken as exact science and correlation at every case can be
different.

Methodology
The RMR and Q-value rating in the underground mine was only done on the walls WSP and WNP
following the ASTM D5878-19 (2019) standard. The forms as visible in the Appendices B and C are
filled out and orientations of joint sets are measured using a geological compass. For further analysis,
the found values of the RMR andQ can be compared using the known relating formulas with other rating
systems, acoustics, stress and elasticity values. Additionally, acoustic velocities and UCS-values can
be used as input into a RMR conversion system to find the Mohr-Coulomb parameters (friction angle,
cohesion) of the rock mass. Next to that, joint set stereonets using the orientations found at both walls
are created. Especially for engineering purposes this can be interesting.

Analysis
The RMR and Q-rating system are analysed by retrieving all necessary parameters from the rock mass
and the tests (acoustics and mechanical). Together, these produce a final value, taking into account
the SRF or stress reduction factor. This factor is similar to the Eurocode 7 risk-categories as seen in
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Figure 3.3. Therefore, it is difficult to analyse the RMR and Q-rating systems on a pure scientific note.
Nonetheless, the rating systems can be analysed on robustness (high and low estimates), similarity (do
they compare to each other) and the advice that follows from the final results of the systems. Next to
that, calculations using the input parameters of the rating systems can give useful rock parameters like
the friction angle and cohesion, but also an estimate on seismic velocity. This can then be compared
with the actually measured seismic velocity. Overall, the rating systems are not suitable as a sole anal-
ysis method, but rather a method to support and further analyse acoustic and mechanical monitoring
methods.

3.4. Different Tests
Of course the aforementioned selection of tests are not the only possible tests at the Stjernøya site.
It would be possible to, for instance, use a contractor to perform a different stress test. To be able to
give a proper comparison between tests, two other tests are included in this review also. Because no
actual tests are performed with them, only a brief summary of the implications and forthcoming of both
the overcoring method and the hydraulic fracturing method.

3.4.1. Overcoring
The overcoring method is a method developed by the US Bureau of Mines to be able to measure
rock stress in a three-dimensional way (Goodman, 1991). It is performed by first coring a borehole
and putting a six-arm deformation measurement cylinder in it. Then, a larger (more than 2x diameter)
borehole is cored over the initial measurement borehole. As this new coring cancels out the in-situ
stresses that might have enacted upon the rock, the whole core is set to expand (or in theory, it could
also compress). The measurement of this expansion via the deformation gauges inside the drilled
core gives a three-dimensional strain. Using the assumed to be known elasticity of the rock, a set
of equations can be set up to retrieve three-dimensional stress formulae from the strain. As these
stresses are dependable on each other, at least one stress-tensor (out of σ1, σ2 or σ3) should be known
or assumed to solve the resulting equations, otherwise, only an elastic relation between the stresses
is found.

3.4.2. Hydraulic fracturing
Hydraulic fracturing is also described by (Goodman, 1991) as a method to achieve stress information in
boreholes at considerable depths (deeper than <800 metres), at places where no rock face is available
to measure stress and preferrably the vertical stress is known. The method works by pressurizing a
volume between two packers inside a borehole with water. This increasing pressure will at some point
cancel out the compressional rock stress around the edges of the volume. The induction of tensile
forces creates a crack, called a hydrofrac. This fracture will propagate and fill with the pressurized fluid
until the pressure inside the volume falls to the so-called shut-in pressure, at which the pressure in the
volume is steady. Using the Kirsch equations and the knowledge of the direction of crack-propagation
a lot of useful information about the principal stresses and directions is generated.

This method is used extensively by the oil and gas industry to measure stress in deep boreholes, (Zang
et al., 2017), however, combined hydraulic fracturing in a 410 metres deep hard rock mine in Sweden
with measuring acoustic emissions, measured in a 20-30 metre borehole from an underground opening.
The results from just the hydraulic fracturing gave horizontal stress, based on a known vertical stress
because of overburden. The counting of acoustic emissions in and around the borehole gave useful
information on rock mass strength and hydrofrac propagation. Also, Zang et al. (2017) researched
the influence of different hydraulic loading conditions on the crack propagation and acoustic emissions
creation. Despite the generation of useful information using two measurement techniques together, it
was stated that more research on the topic was necessary.

3.4.3. Logistics and Costs
Finally, it must be stated that both techniques are not available in the remote Stjernøya and must be
done by a contractor from somewhere else in Norway. These logistical constraints will add significant
amount of extra time to the time it takes to drill boreholes in a confined underground opening, and per-
form the tests. This adds to significant extra costs of hiring a non-company contractor when performing
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a hydraulic fracturing tests. Also, it must be stated that is difficult to perform the hydraulic fracturing
method near the surface of the wall as it is a very invasive method that literally aims to break the rock,
which might already be broken near the wall surface. Technically, the most important downside of both
techniques is the requirement for a ’known’ (vertical) stress tensor. In the fjord-like structure of the Lille-
bukt complex, the vertical stress is very spatially variable, making it almost impossible to apply these
methods.



4
Results

In this chapter, the results of the aforementioned tests will be reported. As this thesis aims to compare
the conducted tests, this chapter will also elaborate on the similarities and differences between tests
and the resultant data from them. To start, a quick overview of previous data can be seen in Table 4.1.
Next to the data from the Ort i Felt location (HvM), also results from the Stope 1 at mine 2 (NSLM) will
be shown, both lab and in-field results.

Table 4.1: The data of the overcoring test at the Ort i Felt location from the World Stress Map (Heidbach et al., 2016) as
reported by Stephansson (1987) and measured by Myrvang (1973)

Characteristics σ1 (MPa) σ2 (MPa) σ3 (MPa) E (GPa) Poissons Ratio
Overcoring (38cm) 17.3 9.7 7.3 58 0.2

4.1. Laboratory Tests
4.1.1. Unconfined Compressive Strength Test
The UCS-tests produce stress-strain curves. One of them is visible in Figure 4.1, the rest of the stress-
strain curves can be seen in the appendix. Samples all showed similar reactions to loading, following
the classical elastic-plastic response of rock towards pressure. A rather long period was necessary
for some samples to get through the initial loading phase (I). The elastic domain(II) persevered quite
long until about 75-85% of the final UCS. The final phases (III and IV) happened rather quickly for
most samples, generating a very large increase in radial strain before bursting vehemently (Figure 4.2).
The results of all the tests can be seen in Table 4.2. Good to note is the length-diameter ratio of the
samples. The NSLM samples have a diameter:length ratio of 30:70 mm, whereas the HvM samples
have a diameter:length ratio of 40:80 mm. Despite this fact, results did not differ greatly regarding UCS
and Elasticity.

35
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Figure 4.1: Stress-strain curve from nepheline-syenite sample HvMCore1.

Figure 4.2: The bursting of nepheline-syenite sample HvMCore1 after reaching its UCS.

The stress-strain curves are plotted without the elasticity of the set up in them. The Young’s Modulus of
the set up was found using the benchmark (with the Aluminium sample) and found to be 77.64 GPa for
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the NSLM-samples and 44.19 GPa for the HvM-samples, because they needed a different set-up due
to height increase of the samples. This was consequently multiplied with the induced stress to be able
to remove the strain taken by the set up. What is remarkable about the stress-strain curve of sample
NSLM2 and NSLM4 and possibly also NSLM1 is that the samples all show a similar jump in strain, both
radial and axial, at around 1/2 the UCS. This phenomenon (see Figure D.3 in the Appendix) was also
visible during testing. As the samples behaved differently after the event, but still had a lot of strength
left in them, it is chosen to report two differing elastic moduli and two different Poisson’s ratios. They
can be seen in Table 4.2 as First Stage and Second Stage.

The trigger of this change in elasticity could be a spalling event, which is known to occur at around
1/2 the UCS-value of a rock sample. The HvMCore1 sample, however, was used as a benchmark for
the cyclic loading tests and did not show the ’spalling-event’. The samples HvMCore2,HvMCore3 and
HvMCore7 did show a sudden increase in radial strain at approximately 50% of the final UCS.

In general, the results of the cyclic loading, as visible in Figures 4.3 and 4.4 , show that the rock in
the lower stress domain (10-70 MPa) behaves elastic. It was noteworthy during testing that the load-
ing time for the cycle, the second time of loading the same stress range, is lower than the first time
the sample went through loading of the same stress-range. No apparent change in UCS or Elasticity
is visible from the cyclic loading in comparison to non-cylic loaded samples. A difference in Young’s
Modulus is visible between the NSLM and HvM Samples. The HvM samples have a higher Young’s
Modulus in the 60-80 MPa domain. A difference in sample length might be the reasons for this.

The height of the UCS correlates quite well with visible indicators of core quality, pre-noted before
testing, and visible in Table 4.2. Other than that, the results of the tests show great similarity. Only the
difference in Poisson’s ratio stands out. Some samples show a large sudden increase in radial strain
during the spalling event. This greatly influences the radial strain, giving a very different Poisson’s Ratio
in the higher stressed domain. Overall, the nepheline syenite of the sampled locations tends to show
stress response in the direction parallel to the loading direction. If it cannot endure anymore pressure,
it relieves stress with large increases in radial strain, not necessarily meaning the complete destruction
of the core.

Figure 4.3: Stress-time(s) curve from nepheline-syenite sample HvMCore5.
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Figure 4.4: Stress-strain curve from nepheline-syenite sample HvMCore5.

Table 4.2: Results from stress-strain tests.

Sample ID: UCS (MPa) Youngs Modulus E (GPa) Poisson’s Ratio ν Note
First stage
[20-40 MPa]

Second stage
[60-80 MPa]

First stage
[40 MPa]

Second stage
[80 MPa]

ALU1 not reached 70.00 - 0.10 - Benchmark
NSLM1 74.91 39.81 - 0.002 - Cracks Visible
NSLM2 122.41 33.04 47.68 0.35 0.0117
NSLM4 115.76 30.94 46.21 0.29 0.0139

Average NSLM 119.085 31.99 46.945 0.32 0.0128 Leaving out NSLM1
ALU2 not reached 70.00 - 0.10 - Benchmark

HvMCore1 125.65 33.50 55.02 0.29 0.21
HvMCore2 119.43 28.09 58.75 0.35 0.024 Cyclic
HvMCore3 138.66 36.85 66.99 0.51 0.28 Cyclic
HvMCore4 106.53 30.96 62.11 0.516 0.259 Cyclic, Visibly broken
HvMCore5 133.32 41.98 65.64 0.31 0.0243 Cyclic
HvMCore6 150.86 44.52 67.80 0.33 0.204 Cyclic
HvMCore7 113.13 40.42 64.73 0.26 0.0202 Cyclic, Cracks Visible

Average HvM 126.80 36.62 63.01 0.37 0.15
Average Total 125.08 35.59 59.44 0.36 0.12

4.1.2. High Frequency Acoustic P/S-wave measurements
Wave evolution
During the continuous loading of the NSLM samples in the UCS-test, the acoustic amplitude changes.
The visible wave-form evolved from a very small amplitude, to a maximum of 0.65 mV at around 70%
of the UCS-value after which it returned to a very small amplitude after breaking. During cyclic loading,
this growth of wave amplitude is even more apparent. Figure 4.9 shows the growing amplitude over
time, along with the applied stress. As the figure shows, the amplitude closely follows the stress until
this maximum point is reached at about 70 or 75 % of the UCS. For visualisation purposes, the evolving
of the wave form can be seen in Figure 4.5, where a averaged wave over 250 datapoints (1 datapoint
represent 1.6 ∗ 10-9 seconds) is visible. The averaging is done to remove noise from the data.

The visible wave in that figure is the full wave. Therefore, the S-wave, which is significantly more
powerful than the P-wave, is dominant in those representations. The P-wave, however, follows a similar
evolution, as seen in Figure 4.6. Amplitude growth is also visible in Figures 4.7 and 4.8, where it also
becomes clear that the wave becomes weaker after about two-thirds of the maximum load. This might
indicate that the material is already deforming and cracking long (70-80% UCS) before the maximal
load is achieved. It should be noted that these waveforms are averaged, enlargening the problems in
especially the low stress domain. Difficulty in picking the wave was primarlily encountered due to noise
undulation, offset and unclear P-wave onset.
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(a) Acoustic Representation at Timestep 1 (b) Acoustic Representation at Timestep 30

(c) Acoustic Representation at Timestep 60 (d) Acoustic Representation at Timestep 90

Figure 4.5: Waveform evolution during increasing stress on sample NSLM2.

Figure 4.7: Maximum P-wave amplitude of sample NSLM2 against the applied stress.
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(a) P-wave Representation at Timestep 1 (b) P-wave Representation at Timestep 30

(c) P-wave Representation at Timestep 60 (d) P-wave Representation at Timestep 90

Figure 4.6: P-wave evolution during increasing stress on sample NSLM2.

Figure 4.8: Average P-wave amplitude of sample NSLM2 against the applied stress.
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(a) Hand-picked and Code-picked P-wave Arrival times of sample
NSLM2.

(b) Correlation between Hand picked and Code picked arrival times of
sample NSLM2. R = 0.88

(c) Hand-picked and Code-picked P-wave Arrival times of sample
HvMCore1.

(d) Correlation between Hand picked and Code picked arrival times of
sample HvMCore1. R = 0.93

Figure 4.10: Correlations of hand picked arrival times with code picked arrival times.

Figure 4.9: Average P-wave amplitude of sample HvMCore5 against the applied stress.

Wave Interpretation and Picking
After analysing the wave-form visually, the wave forms can also be analysed on arrival times, for both
P-wave and S-wave. This can be done manually, which is a tedious process, or via a computer script
that ’picks’ the wave. The script denotes the time where the wave surpasses a certain threshold and
the looks back for the starting point of the wave. Both P-wave arrival times next to each other can be
seen in Figure 4.10a and 4.10c. The hand picked method and the code picked method correlate well,
as visible in Figure 4.10b and 4.10d. It can even be said that the code is less biased for fluctuations of
the wave-offset, as it produces values that jump around less.

The found arrival time can consequently be combined into a wave speed by using the length of the
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sample. This wave speed is calculated and plotted against the strain or time of measured during test,
as these parameters are the controlled parameters during the loading. This also made it possible to fit
a formula to the speeds, relating it to the Stress on the sample. In order to check whether this method
of fitting stress against code-picked P-wave speed worked, elastic dummy samples, an aluminium and
a sandstone core, have been used. From these fits it can be concluded that the method should work
correctly. After removing severe outliers at the begin and end due to irregular starting times of the
press and acoustic measurements, both the aluminium (Figure 4.11) and the sandstone (Figure 4.12)
core produce a smooth curve in which the P-wave speed grows with increasing stress. The formula
of the aluminium core further confirms this, as the ’zero-point’ of the power function is the sonic speed
in aluminium, 6420 m/s. It is not strange that this is the result of the test, as this speed was used to
calibrate the acoustic measurements.

Figure 4.11: P-wave speed versus stress on an aluminium sample.

Figure 4.12: P-wave speed versus stress on a sandstone sample.
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Sonic Speeds
Resulting from the finetuning process of the Wave-picking are the following Stress-Speed plots:

Figure 4.13 shows the P-wave speeds in non-cyclically loaded sample HvMCore1, including a fit of
a power curve to the data. This sample was used as a benchmark and depicts the overall response
of the P-wave speeds of the samples really well. Next to that, the clear step-wise increase during the
crack-closure phase in the low-stress domain is visible, next to the gradual lowering of the P-wave
speed after approximately 75% [80 MPa] of the UCS.

Figure 4.13: P-wave speeds of sample HvMCore1 under increasing stress.

Figure 4.14 shows a similar curve to HvMCore1. The only difference is the multitude of speeds in the
low-stress domain. This is due to the multitude of cyclic loading in that domain and might be a proof for
the cracks reopening during unloading in the lower stress domain after closing during loading. Once
the lower stress domain is passed, also this sample shows a clear increase of speed until about 75%
of UCS is reached. It could be that this is the starting point of the crack intitiation phase, as this point
is also the point where the amplitude of the waves begins to lower again for all the samples, indicating
that the transmission of waves through the samples is worsening.
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Figure 4.14: P-wave speeds of sample HvMCore5 under increasing stress.

Also, it is interesting to see the P-wave arrival time and stress against time. Figure 4.15 clearly shows
the decrease of arrival time during loading and increase of arrival time during unloading. This is further
proof for cracks being reopened during unloading and also influencing P-wave velocity in samples.

Figure 4.15: P-wave arrival times of sample HvMCore5 under increasing stress.

The S-wave speeds are less important for this research, as they not being produced in the field mea-
surements and thus irrelevant for comparison, but still measured for elastic calculations and better
understanding of the rock properties. For sample HvMCore1 the typical S-wave evolution is visible,
showing a distinct straight line after the crack closure phase has completed. This is logical as the S-
wave cannot protrude through very elastic media, like the air in the cracks. After this stage, the S-wave
is well picked up by the code due to the large amplitude of the S-wave. The results of S-wave arrival
time can be seen in Figures 4.16. Notable is the jump in speed close to the breaking of the sample.
Perhaps the automatic wave picking produces an erratic arrival time. Another reason might be the
interference of audible breaking sounds during the final period of testing, disrupting the signal. Similar
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problems arise in the P-wave picking, but less obvious than with the S-wave picking. A plot of the
S-wave speeds against stress, along with a power-fit is visible in Figure 4.17

Figure 4.16: S-wave Arrival times of under increasing stress of sample HvMCore1.

Figure 4.17: S-wave speed under increasing stress of sample HvMCore1.

To investigate the influence of crack closure more, a breakdown of both P-wave and S-wave speeds
for all the tested samples was done. It was chosen to report the speed at 5 MPa, 10 MPa, 40 MPa
and 80 MPa, as it was clear from the stress strain analysis that these stress values fell in the middle
of the loading phases. Furthermore, the opt for both 5 MPa and 10 MPa was done to showcase the
difference 5 MPa makes in the crack closure phase. Tables 4.3 and 4.4 show all the different P- and
S-wave speeds at those selected stresses.
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Table 4.3: Pressure wave velocities in different stress zones.

UCS Vp [Max] Vp [80 MPa] Vp [40 MPa] Vp [10 MPa] Vp [5MPa]
Sample ID: (MPa) (m/s) (m/s) (m/s) (m/s) (m/s)

NSLM1 74.91 6641.96 - 6433.57 6147.10 6045.73
NSLM2 122.41 6532.63 6466.66 6389.71 5672.25 4280.37
NSLM4 115.76 6539.55 6513.87 6379.05 5721.17 5595.50
Average NSLM 119.09 6571.38 6490.27 6400.78 5846.84 5307.20
HvMCore1 125.65 6637.25 6599.59 6546.06 6387.06 6084.09
HvMCore2 119.43 6629.45 6618.63 6505.26 6219.56 4544.53
HvMCore3 138.66 6426.22 6407.81 6287.30 5904.95 4566.79
HvMCore4 106.53 6450.36 6437.40 6363.88 5989.72 4675.74
HvMCore5 133.32 6574.61 6548.68 6457.50 6099.57 5614.25
HvMCore6 150.86 6627.86 6615.18 6580.68 6423.75 6306.11
HvMCore7 113.13 6434.73 6424.84 6256.36 5764.88 4982.42
Average HvM 126.80 6540.07 6521.73 6428.15 6112.78 5253.42
Average Total 120.07 6549.46 6514.74 6419.94 6033.00 5269.55

Table 4.4: Shear wave Velocity in different stress zones.

UCS Vs [Max] Vs [80 MPa] Vs [40 MPa] Vs [10 MPa] Vs [5MPa]
Sample ID: (MPa) (m/s) (m/s) (m/s) (m/s) (m/s)

NSLM1 74.91 2498.93 2479.56 2407.52 2358.67 2257.13
NSLM2 122.41 2575.13 2547.14 2536.24 2334.93 2263.19
NSLM4 115.76 2615.07 2550.85 2468.11 2433.04 2418.41
Average NSLM 119.09 2563.04 2525.85 2470.62 2375.55 2312.91
HvMCore1 125.65 2648.42 2542.78 2631.71 2578.48 2555.76
HvMCore2 119.43 2603.10 2577.24 2561.71 2544.47 1870.54
HvMCore3 138.66 2699.43 2485.32 2436.53 2373.01 2338.92
HvMCore4 106.53 2492.15 2499.78 2312.64 1963.44 1596.90
HvMCore5 133.32 2529.99 2530.00 2518.07 2464.32 2226.73
HvMCore6 150.86 2552.97 2551.62 2547.63 2527.76 2519.35
HvMCore7 113.13 2521.92 2417.52 2331.46 2239.30 2034.80
Average HvM 126.80 2578.28 2514.89 2477.11 2384.40 2163.29
Average Total 120.07 2573.71 2518.18 2475.16 2381.74 2208.17
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The reason for the large difference between 5 MPa speed, 10 MPa speed and 40 MPa speed may be
argued more in the discussion chapter, but it is good to notice how the difference in speeds between
samples in the lower stress zones is could be due to the state of the core or RQD (Rock Quality Des-
ignation) that is observed during core-logging. The quality of the core was also denoted before the
UCS-tests.

Samples with visible cracks and/or a low UCS, like core HvMCore4 or HvMCore7 tend to have lower P-
wave speeds. That being said, the speeds measured in these samples cannot be true P-wave speeds,
as they indicate that the non-porous sample consists of approximately 30% air. Despite the fact that
cracks where visible, it was not apparent that they made up 30% of the rock. It is thus likely that
for those tests, the measured P-wave speed is not ’true’ but rather the quickest way any wave could
reach the sensor and create a noticeable wave-form/amplitude. The S-wave speed, that relies more
the absence of cracks for transporting the wave showcases the difference even more. In Appendix D
the P-wave speed versus Stress plots for all the samples can be found for more in depth comparison
between tests. The variety of stress maxima is observable in those.

As an import part of this research is to translate findings in the lab to in-situ stress knowledge, it is
very interesting to find a formula that describes the relation between Stress and P-wave speed. This
could subsequently be used in the field. Figure 4.18 shows all the found P-wave speeds per stress
increment from the UCS-tests. Visible are the average fit (all data), the lower fit (based on the most
cracked sample HvMCore7, UCS = 113 MPa) and the upper fit (based on the strongest sample HvM-
Core6, UCS = 150 MPa).

A power-curve was chosen for these fits, given the applicability on the aluminium and sandstone sam-
ples (Figures 4.12 and 4.11). These fits clearly show that there is a bandwidth in which the P-wave
speeds vary. A clear upper boundary is visible which the P-wave speeds do not cross. It was chosen
to not introduce this as the upper fit as this is most likely the ’ideal’ CHILE response of the rock in terms
of P-wave velocity and stress. It is unlikely that this will be encountered in the in-situ tests as we are
measuring over much longer distances than 80 mm. Also, the HvMCore7 lower fit shows that a cracked
sample does indeed show a much lower P-wave speed, especially in the beginning. After around 80
MPa, the fits do not longer correlate to the sampled speeds, meaning that a different function should be
used for the later stages of loading. Whether the fitted curves can be interpreted as ’true’ can be argued
in the discussion, given the unlikely nature of the speeds in the lower stress domain. Nonetheless, it is
interesting to compare these three fits to in-situ situation. This will be done in chapter 5.
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Figure 4.18: P-wave speeds versus stress of all samples of the HvMCores.

The shown fitting formulas are as follows:

Vp−average = 270.69 lnσc−average + 5349.54, m/s (4.1)
Vp−upper = 180.51 lnσc−upper + 5852.76, m/s (4.2)
Vp−lower = 322.64 lnσc−lower + 4991.17, m/s (4.3)

And these can be written into the following form to retrieve confining pressure from P-wave velocity:

σc−average = exp(
Vp−average − 5349.54

270.69
), MPa (4.4)

σc−upper = exp(
Vp−upper − 5852.76

180.51
), MPa (4.5)

σc−lower = exp(
Vp−lower − 4991.17

322.64
), MPa (4.6)

Elastic Properties
For analysis it is useful to denote the elastic parameters of the rock, calculated using the speeds found
using the acoustic measurements. These are denoted in Table 4.5. In Chapter 5, a full comparison
of all the results will be done, mainly around the found elastic parameters. Interesting to note are the
similarities between the acoustically found Poisson’s Ratios and Elastic Moduli in two different stress
regimes, while these found properties using mechanical tests differ a lot.
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Table 4.5: Measured elastic properties of rock through both stress-strain and acoustic measurements.

Mechanical - Lab Acoustics - Lab
Parameter E [40 MPa] E [80 MPa] ν [40 MPa] ν [80 MPa] νd [80 Mpa] Ed [80MPa] ν [40 Mpa] Ed [40MPa]
Sample ID (GPa) (GPa) - - - (GPa) - (GPa )

NSLM1 39.81 - 0.002 - - - 0.42 44.40
NSLM2 33.04 47.68 0.35 0.0117 0.41 48.42 0.41 48.86
NSLM4 30.94 46.21 0.29 0.0139 0.41 48.61 0.41 46.45
Average NSLM 31.99 46.95 0.32 0.0128 0.41 47.70 0.41 46.56
HvMCore1 33.50 55.02 0.29 0.21 0.41 48.42 0.40 52.49
HvMCore2 28.09 58.75 0.35 0.024 0.41 49.66 0.41 49.90
HvMCore3 36.85 66.99 0.51 0.28 0.41 46.21 0.41 45.25
HvMCore4 30.96 62.11 0.52 0.259 0.41 46.74 0.42 41.12
HvMCore5 41.98 65.64 0.31 0.0243 0.41 47.91 0.41 48.29
HvMCore6 44.52 67.80 0.33 0.204 0.41 48.74 0.41 49.48
HvMCore7 40.42 64.73 0.26 0.0202 0.42 43.91 0.42 41.66
Average HvM 36.62 63.01 0.37 0.15 0.41 47.35 0.41 46.81

4.2. Field Tests
4.2.1. Flat Jack Test
The final result from the Flat Jack Test is a single stress value, along with a location and a direction of
that stress. The found value of in-situ vertical stress in the wall using the flat jack method and calculated
using the Tributary Area method (Table 4.6) is found to be 9.8 MPa. A full view of the jack surface and
the cut out slot is visible in Figure 4.19. Next to that, the a figure showing the loading and unloading of
the flat jack along with the induced strain can be seen in Figure 4.20. Based on elastic theory, elasticity
of the rock mass can be calculated aswell.

Figure 4.19: Top view crosscut of the flat jack and the flat jack slot in the wall.
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Figure 4.20: Measured strain and pressure during the flat jack test.

As this report aims to compare several different methods, it is important to find properties of the rock
that is measured in the data. One of the most dominant properties of rock is its Youngs Modulus. Figure
4.20 shows multiple somewhat straight lines with loading and unloading values for strain and stress.
According to ASTM standards, Elastic Moduli can only be taken from samples that have continuous
loading or unloading with a constant rate. During the loading this is not satisfied because of the difficulty
of pressurizing the hand-pump. During unloading, however, a fairly stable rate could be established to
unload the flat jack, giving the surrounding rock equal time intervals to relax in.

Another realization during this process is that the ’relaxation’ of the rock mass is actually the stress
of the rock mass deforming the rock around the cut-out. By controlling the release of the pressure from
the flat jack, the stress from the surrounding rock acts as a hydraulic pressure bench on the sample:
the rock between the two measurement points. This means that the unloading of the flat jack actually
comes the closest to resembling a stress-strain relationship as seen in the laboratory. The plotting of
just the unloading curves results in smoother stress-strain curves that are more coherent with each
other.

For comparison, it might also be useful to plot the stress-strain curve in the same way as is done
for UCS-tests. By doing that, a remarkable resemblance appears to the first crack closure phase that
is known from the UCS-tests, especially if you take into account that 40 MPa in the flat jack, according
to the tributary area method, correlates to 9.815 MPa of stress in the surrounding rock mass. 10MPa
has been found as the boundary between the crack-closure and the elastic domain. The consequent
elasticity measurement was thus chosen to be done in the 30-40 MPa range of the flat jack unloading
curves. This gave a Youngs Modulus of 31.7 GPa. Figure 4.21 shows the unloading curves from which
the Youngs Modulus has been calculated. Values found with the flat jack method will be compared with
previous research and the results from the acoustic velocity measurements in Chapter 5.
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Figure 4.21: Measured stress and strain during the unloading of the flat jack.

Table 4.6: Tributary Area Method as used by Sibelco for analysis of Flat jacks.

Excavation area 0.130 m2

Flat jack area 0.078 m2

Unsupported surface 0.052 m2

Unsupported surface attributed to flat jack 0.021 m2

Total surface supported by flat jack 0.099 m2

Extraction ratio/Part carried by flat jack 0.761
Flat jack Pressure 41.000 MPa
σv 9.815 MPa
Equivalent depth 363.508 m
Actual Depth ± 370.000 m
Equivalent σv 9.800 MPa
Youngs Modulus from Unloading 31.70 GPa

4.2.2. Acoustic Velocity Measurements
The direct results from the acoustic velocity measurements on the pillar at the corner of Myrvang are
visualized in Figures 4.22,4.23 and 4.24. As visible from the figures, the Sender has less noise on
the wave than the Receiver. Luckily, the maximum amplitudes generated by the blow of the hammer
and thus the wave are still distinguishable, making the calculation of the P-wave speeds possible. The
speeds of the three blows, along with the average speeds per position and the average speed overall
are all visible in Table 4.7.
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Figure 4.22: Both sender and receiver plotted for hammer blow tomography at position 6.

Figure 4.23: Receiver plotted for hammer blow tomography at position 6.

Figure 4.24: Sender plotted for hammer blow tomography at position 6.

Measurements along the wall of the corner of Myrvang have also been done but those had a lot more
differing wave arrival times and thus wave speeds. In the Figure 3.20 the locations of all the geophones
can be seen from which measurements were done. The geophones through the pillar are named
’POS’ 1 to 6, the geophones along the wall of the flat jack are named ’WSP’ 1 to 4 and the geophones
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on the other wall of the corner of Myrvang are named ’WNP’ 1 to 3. The latter measurements were
added to see if similar results could be retrieved from both sides of the underground opening. During
visual inspection, the ’WNP’-wall was heavily intruded, broken and sheared after the ’WNP3’ geophone
locations. For this reason, it was chosen not to perform acoustical measurements through that area,
giving only 3 geophones.

Table 4.7: Locations and measured speeds between them.

Measurement location Speed1 (m/s) Speed2 (m/s) Speed3 (m/s) Speed4 (m/s) Distance (m) Average Speed (m/s)
Transformer to Tunnel Position 1 6225.98 4911.79 5364.75 6920.33 18.62 5855.71
Transformer to Tunnel Position 2 6789.92 6416.59 6506.02 - 18.67 6570.85
Transformer to Tunnel Position 3 7904.72 6434.72 5474.31 - 18.34 6604.58
Transformer to Tunnel Position 4 6066.83 5030.20 5328.73 - 17.96 5475.26
Transformer to Tunnel Position 5 5600.29 6280.33 7062.21 - 17.58 6314.28
Transformer to Tunnel Position 6 7643.44 6551.52 7122.29 - 18.80 7105.75
Tunnel to Transformer Position 1 4642.32 3902.66 5199.91 - 18.62 4581.63
Tunnel to Transformer Position 2 4456.39 4302.37 5675.47 - 18.67 4811.41
Tunnel to Transformer Position 3 477.59 4666.40 4826.04 - 18.34 4746.22
Tunnel to Transformer Position 4 5664.93 5281.71 4947.06 - 17.96 5297.90
Tunnel to Transformer Position 5 6127.15 4925.75 5765.55 - 17.58 5606.15
Tunnel to Transformer Position 6 6124.71 6085.07 6373.85 - 18.80 6194.54
All locations 5763.69

The results from these tests were promising, but more research was done after them, also along the wall
surface instead of through the pillar. As these tests produced results that were even less corresponding
to one another, a little statistical analysis is shown through Histograms 4.25, 4.26, 4.27 and 4.28. Also
Table 4.8 shows some insightful statistics.

Figure 4.25: Histogram showing the occurrence of P-wave speeds through the pillar at the corner of Myrvang. (POS1-POS6)
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Figure 4.26: Histogram showing the occurrence of P-wave speeds through the flat-jacked wall at the corner of Myrvang.(WSP)

Figure 4.27: Histogram showing the occurrence of P-wave speeds through the wall on the other side of the corner of Myrvang.
(WNP)

Figure 4.28: Histogram showing the occurrence of P-wave speeds through the flat jacked wall at Stope 1.

To take away from these results is most of all the difference between the test through the pillar at the
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Table 4.8: Statistical display of P-wave speeds found during the acoustic velocity measurements after removing impossible
upper outliers.

P-wave speeds HvM Pillar HvM WSP Stope 1 Wall HvM WNP
Average (m/s) 4964.85 3675.50 4809.12 3562.87
Median (m/s) 5524.88 3941.62 5143.44 3735.32
Standard Deviation (m/s) 1663.11 1516.48 719.34 1143.08
Maximum (m/s) 6329.97 6024.13 6092.22 6923.30
95th Percentile (m/s) 6258.47 6024.13 5945.02 5556.26
75th Percentile (m/s) 5754.61 4829.27 5627.68 4387.24

Table 4.9: RMR and Q-value rating input values as retrieved from the field

RMR Rating:
Strength of intact Rock Material 12
RQD-RMR 20 (high) - 17 (low)
Spacing of Discontinuities 8
Condition of Discontinuities 27
Ground water 15
Q Rating:
RQD (%) 93 (high) - 80 (low)
Joint set number (Jn) 36
Joint roughness number (Jr) 4
Joint alteration number (Ja) 0.75
Joint water reduction factor (Jw) 1
Stress Reduction Factor (SRF) 5

corner of Myrvang and the test through the wall of the same pillar. The test through the wall has a much
larger spread with speeds being a lot lower than the usual speed of the nepheline syenite material, be-
tween 5500 and 6750 m/s. As a result, the average speed of these measurements vary. Although
the measurements vary, the datasets still have some similarities. The standard deviation of both data
groups is around 1500 m/s, the maxima lies in the 6000 and the 95th percentile is roughly the same at
around 6100 m/s. Given the fact that the same rock mass is measured, this is not strange. The take-
away from this is that the wave propagation during the measurement along the wall was more difficult
due to multiple reasons.

The data from Stope 1 has a lower standard deviation. It also features two large outliers in the 9000
m/s that cannot be the travel speed through the nepheline syenite. For the histogram it was chosen
to leave outliers in, but for the final calculation of maxima and minima they are left out, as they do not
represent the measured rock. Overall, the Stope 1 data, which was measured along the wall shares
similarities with both corner of Myrvang measurements. It has a larger spread in the ”plausible” domain
like the HvM-Pillar measurement, but also a reasonable amount of lower speeds like the HvM-wall
measurement. Because the stope 1 and the corner of Myrvang are not the same location only the look
of the data can be compared, to understand the differing measurement results. It is not possible to
compare the datasets on any other aspect.

4.2.3. RMR and Q-value Rating
The RMR and Q-value rating is conducted at the wall in which also flat jack and acoustic measurements
were done. To create input variables for the RMR and Q-value rating, joints and joint sets are important.
After these joints were found, they were measured on direction and the RMR-rating values and then
put into a joint set group. These groups were consequently used to set up the other parameters for the
RMR, alongside the RQD, that indicates a range, as RQD can fluctuate over the spacing of the outcrop.
Table 4.9 summarizes the input variables for both RMR and Q-value ratings.

After the variables were found, proper calculations could be done to get to a final value. To make
results more scientific and comparable to the other methods, multiple RMR and Q calculation formulae
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Table 4.10: RMR and Q-rating results

Value High estimate Low estimate
RMR89 82 79
RMR89’ 82 79
Q 2.7 2.4
Q’ 13.7 11.9
GSI 77 74
GSI (Field estimate) 85 85
Youngs Modulus (GPa) 63.1 53.1
RQD 92.5 80.3
RQD (seismic) 81 72.7
RMR according to Q 53 52
RMR according to Q’ 68 66

were used, as well as correlations between both numbers and elastic parameters. In the end, the RMR
and Q-rating system measure the same rock wall, given different interpretations. Table 4.10 shows the
results of the RMR and Q-rating systems.

Standing out from the results is that RMR is fairly stable, the high and low estimate do not differ so
much and there is no difference between the adjusted 89 version and the normal 89 version. Next to
that, the GSI (Geological Strength Index) from the field estimate is quite close to the GSI calculated
by the RMR. The found Youngs Modulus via the RMR is 63.1-53.1 GPa. A larger difference is found
in the comparison with the Q-value rating. The RMR-Q comparison gives really different values.To
understand it, you must dive into the calculation behind the Q-value rating. As this rating is more heavily
influenced by the Joint set number, it is not strange to see them differing. The joint sets observed only
appeared in small reoccurring regions along the inspected rock wall. As this rating should be done for
the overall rock wall, you assume that a joint set should be everywhere, even when it is not visible. By
doing this, however, you might overestimate the real volumetric joint count, as the average volumetric
joint count is a lot lower. Therefore, the Q-value rating overestimates the importance of the joint set
number and gives a lower final value, once you start comparing them. To give a better idea of the
occurrence and dip-directions and angles of the joint sets, stereonets are visible in Figure 4.29. The
directions are all measured with a geological compass.
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(a) Stereonet of joint set 1 (030/45). Dipping into the tunnel (b) Stereonet of joint set 2 (015/35).

(c) Stereonet of joint set 3 (005/65). (d) Stereonet of joint set 4 (220/30).

Figure 4.29: Stereonets of the wall at the corner of Myrvang. Random joints are not included.



5
Comparison

The results from the laboratory and field tests are to be compared with each other and by using the
methods mentioned in literature. This chapter poses to explain differences and similarities within these
comparisons in order to check whether they are correct, make sense and can be used in the future as
reference.

5.1. Lab and Literature
Table 5.1 shows the difference in found value if one compares the resulting UCS of the correlation
formulas of Rahman and Sarkar (2021) and Yesiloglu-Gultekin et al. (2013), using the P-wave modulus,
with the found UCS-value of the NSLM samples. It clearly shows that the correlation formulas estimate
the UCS to be higher than the actual found value.

Table 5.1: Comparison of Lab-found UCS values and P-wave velocity using correlation of Rahman and Sarkar and Yesiloglu

Sample ID: Vp (m/s) UCS(Vp)(Rahman and Sarkar, 2021) UCS(Vp)(Yesiloglu-Gultekin et al., 2013) Actual UCS
NSLM1 6300.00 158.34 150.34 74.91
NSLM2 6600.00 172.71 158.44 122.41
NSLM4 6440.00 164.97 154.12 115.76
Average 6446.67 168.82 154.30 119.09

A possible explanation for this is the dependence of the UCS on the quality of the sample. A minor
crack in the sample would lead to a decrease of stress that the sample can take. The P-wave speed,
however, does not rely on this, but more on the elastic parameters of the sample. As this relation has
no further influence on this research (the exact UCS-value is measured) it is merely a show of the
difficulty to express and correlate all rock mechanical parameters with each other. It would be more
useful to for instance compare the calculated Youngs Moduli from two different measurement methods
with each other and literature. A comparison on the elastic parameters of the sample with correlation
formulas found in literature can be seen in Table 5.2.

Table 5.2: Dynamic and Static Youngs Moduli calculated from UCS, Acoustics and correlations.

E (GPa) based on Lab Results Es (GPa) correlated using Vp

Sample ID Es1 from UCS Es2 from UCS E_d$ from Vp/Vs King (1983) Eissa & Kazi (1988) Eissa & Kazi (1988)
NSLM1 39.81 - 44.40 26.58 32.04 29.86
NSLM2 33.04 47.68 48.42 31.66 35.01 31.73
NSLM4 30.94 46.21 48.61 31.89 35.15 31.82
Average NSLM 31.99 46.95 47.70 30.75 34.48 31.40
HvMCore1 33.50 55.02 48.42 31.65 35.01 31.73
HvMCore2 28.09 58.75 49.66 33.22 35.93 32.30
HvMCore3 36.85 66.99 46.21 28.86 33.37 30.71
HvMCore4 30.96 62.11 46.74 29.53 33.77 30.95
HvMCore5 41.98 65.64 47.91 31.01 34.63 31.50
HvMCore6 44.52 67.80 48.74 32.06 35.25 31.88
HvMCore7 40.42 64.73 43.91 25.96 31.67 29.63
Average HvM 36.62 63.01 47.35 30.31 34.22 31.24

58
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The results of the UCS test show that the samples clearly have two separate elastic stages. The first
one gave a slightly lower Young’s Modulus value and the second stage resulted in a slightly higher
value. The Young’s Modulus found in the second stage shows great resemblance to the Young’s Mod-
ulus found using the acoustic speeds. Therefore, the found values using UCS and the Acoustics of the
Young’s Modulus can be interpreted as dynamic elastic moduli.

Within Rock Mechanics, however, static moduli are normally used. In order to convert the found dy-
namic moduli back to static moduli, correlation formulas by King (1983) and Eissa and Kazi (1988) are
used. It is noteworthy that the static moduli resulting from this conversion are very similar to the elastic
modulus of the first stage of loading (Table 5.2). These results do indicate that the samples showed
a dynamic elastic response to the applied pressure and that the Young’s Modulus, both static and dy-
namic, can be an important factor to check the correlation between mechanical and acoustic results of
rock mechanical testing.

5.2. Lab and Field
5.2.1. Acoustics
The first and most important comparison done in this research is the comparison between mechanical
test results and the acoustical test results. In the lab, some relations have been found between the
two different material properties. It is then thus interesting to take a look at how these relations are
applicable in the lab. Table 5.3 shows the application of these relations based on relations (4.1, 4.2,
4.3, 4.4, 4.5, 4.6) on the field data. The input data in these formula are the 50th-percentile (median) as
the lower-fit, 75th percentile as the average-fit and 95th percentile as the upper-fit speeds as specified
in Table 4.8. The pressure input is the found value in the flat-jack test. As a result, it is clearly observed
that only the HvM-pillar acoustic measurements give resembling values. The measurements along the
wall gave lower speeds in the statistics. For HvM-wall this can be because of the large distribution of
measured values. For the Stope 1 measurements, which were less distributed, this can be due to the
fact that extension was observed during the cutting of the slot of a flat-jack by R. Schmitz in 2019.

Table 5.3: Measured and calculated P-wave speeds and stresses at various locations using different fitting formulas.

HvM-Pillar
σc [MPa] Vp [m/s]

Measured
95th percentile 9.8 6258.47
75th percentile 9.8 5754.61
50th percentile 9.8 5524.88

Calculated
Upper-fit 9.46 6264.75
Average-fit 4.47 5967.36
Lower-fit 5.23 5727.56

HvM-Wall
σc [MPa] Vp [m/s]

Measured
95th percentile 9.8 6024.13
75th percentile 9.8 4829.27
50th percentile 9.8 3941.62

Calculated
Upper-fit 2.58 6264.75
Average-fit 0.15 5967.36
Lower-fit 0.039 5727.56

Stope 1
σc [MPa] Vp [m/s]

Measured
95th percentile The stress was 6092.22
75th percentile not measured 5627.68
50th percentile but extension observed 5143.44

Calculated
Upper-fit 3.79
Average-fit 2.79
Lower-fit 1.60

A possible take-off from the found values in the mechanical and acoustic field tests is the understanding
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that a perfect CHILE rock mass does not exist. Therefore, a lot of wave attenuation happen during an
acoustic test. One can only cherry pick results from the measurements done to better interpret such
a rock mass. Assuming that a rock mass has a path in which the wave can travel most efficiently,
the travel speed through that path will be the maximal speed through the homogeneous media. This
should coincide with the highest possible speed through a rock mass at a certain stress. In combination
with the understanding that the lab-found upper-fit resembles the P-wave speed in CHILE nepheline-
syenite, a different view on the comparison exists. Looking just at the upper-fit values in Table 5.3 it
becomes clear that this coincides reasonably well with the found stress with the flat jack test. Following
from this knowledge, one can argue that with more measurements, a better statistical analysis of the
P-wave speeds can be done to make a more precise relation between measured P-wave speed and
the resulting inferred stress. Also, this is a great example of the difficulty of dealing with a low-stress
regime in an underground opening. As we know from the laboratory relationship between stress and
P-wave velocity there is a sharp exponential increase in P-wave velocity in the first loading stages of
the rock (until about 15 to 20 MPa). After this, cracks have potentially closed and the rock behaves
more homogeneous. As these pressures are not reached in a large part of the Stjernøya mine, relating
stress with P-wave velocity is extremely difficult. It should become more distinct with higher (confining)
pressure.

5.3. P-wave Speeds
Given that continuous, homogeneous , isotropic and linear-elastic (CHILE) nepheline syenite would
have a P-wave speed that is the maximum of the found in the laboratory tests, any value lower than
that maximummeasures speed through CHILE nepheline syenite, as well as some discontinuous, inho-
mogeneous, anisotropic, non-elastic (DIANE) nepheline syenite. Once the nepheline syenite becomes
more DIANE, the speed is expected to become lower.

This can be observed in the comparison between P-wave speed and UCS-test visible in Figure 5.2
and P-wave amplitude and UCS-test in Figure 5.1, along with an explanation of the rise and fall of
the P-wave velocity according to the loading stages specified in Chapter 3. These figure show the
stress and P-wave evolution of sample HvMCore1. This sample behaved the most elastic in both the
stress-strain curve and the acoustical representation, making it very suitable for a comparison.

Figure 5.1: Average amplitude against stress on sample HvMCore1 with explanation.
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Figure 5.2: P-wave speed against stress on sample HvMCore1 with explanation.

The apparent jumps in P-wave speeds in the crack closing phase in Figure 5.2 could be closing cracks.
It must however be noted that sample HvMCore1 did not show any apparent visual cracks before load-
ing and that a speed of 4000 m/s coincides with a nepheline syenite that is made up out of some 40
percent air. That is unlikely. Especially when these jumps are not observed in the Figure portraying
amplitude against stress (Figure 5.1). The possible explanation for these low values is thus most likely
the inability of both the wave-picking script and the hand-picking method (given Figure 4.10c) to ob-
serve any wave signal in the low stress phases. This signal attenuation can be caused by micro crack
closure, but by looking at the average wave amplitude, this closure process goes much slower than
the jumps portrayed in Figure 5.2. The only logical explanation for those jumps can thus be picking bias.

Luckily, in the field, the wave signal is much clearer and observable due to the nature of the source (a
hammer). Nonetheless, also in the field values lower than 5500 m/s are regularly observed, especially
when measuring along the wall. The reason for these slow speeds can be that the measurement is
measuring something else than nepheline syenite, like attenuating large cracks filled with air. This
means that When comparing the speeds with speeds found in the lab, the only logical thing to be said
is that when a speed lower than 6000 m/s is found, one is most likely in either the Crack closure or
Crack opening phase, which are on the other sides of the stress curve. Once speeds are measured
that are higher than these zones, a clear correlation between stress and P-wave speed can potentially
be made.

5.3.1. Mechanical Stress and Strain
Next to a comparison on the acoustical methods, a comparison between the two mechanical tests in
this research, UCS in the lab and flat jack in-situ, can also be interesting. As strain relief methods,
like the flat jack, can generally not be performed in the lab, it is more useful to see how a strain relief
method in-situ can be analysed as a strain-induced method. During a UCS-test, strain is induced on
a rock sample by applying pressure to it. This pressure, or stress, makes the sample change shape.
When cutting a slot into the wall, the rock mass surrounding it also applies pressure on the rock nearby
the slot, changing the shape of that rock. By applying pressure to undo that deformation of shape with a
flat jack, it is found howmuch pressure the nearby rock mass applied to deform the rock around the slot.
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Figure 5.3: Measured stress and strain during the unloading of the flat jack and HvMCore1-7 with adjusted stress and strain.

By analogy, it can thus be inferred that the rock mass is the hydraulic press pressing on the rock
nearby the slot, the sample. The loading of the flat jack can than be acting as the unloading of the rock
sample. Following this analogy, one can plot together the initial loading stages of both a sample (80
mm) in a UCS-test up to the adjusted cancellation pressure of the flat jack and that of the rock sample
above the slot in between the laser and the connection point of the measuring plate (125 mm). As
can be observed in Figure 5.3, the paths show resemblance, but they are not the same. The almost
perfect HvMCore1 reaches 10 MPa whilst enduring only 0.15% axial strain, whereas the visibly broken
HvMCore7 reaches 10 MPa with 0.23 % axial strain. The unloading of the flat jack is somewhere in
between those two, following a somewhat similar path. This plot shows that the rock mass in the field
behaves mechanically similar to the lab, when performing a flat jack test and a UCS test.

5.3.2. Comparison of tests
The tests performed in this research have a lot of advantages for the geotechnical team in Stjernøya.
Added to the fact that they are available in the mine and can be performed on request in multitude by
a small group of engineers, the performing of one flat-jack test can be done in approximately two shifts
and extensive acoustic velocity measurements in one area can be done in two hours. In comparison
to the overcoring test and the hydraulic fracturing test, this is a huge difference. The cost of performing
those tests is very high. Additionally the influence of logistics on the possibility of performing the tests
is also high, which could mean that if a test is urgently required, it can be performed a week later at the
shortest notice.

Next to that, the overcoring and hydraulic fracturing tests require knowledge of at least one in-situ
stress tensor. Usually, this tensor is taken to be the vertical stress tensor, dependent on the weight of
the overburden. This, however, is a difficult thing in the Stjernøya mine, given the altering topography
of the fjord and the mining operation above. All in all, multiple things speak against the use of overcor-
ing and hydraulic fracturing in Stjernøya and in favor of the flat jack test in combination with acoustic
measurements. Those two methods are cost and time effective and give immediate results without the
necessity of knowing or assuming the stress regime. Next to that, the acoustical method is the only
non-invasive method to measure stresses, which can be very suitable to investigate heavily broken
areas in the underground mine.
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Figure 5.4: Eurocode 7 categories and risks (Stille and Palmström, 2018).

5.3.3. Eurocode 7
Even though the flat jack tests and acoustical investigative method are quicker to be performed than
their non-available counterparts, there still is a large difference between them in time and information
they give. To accurately choose the right measurement tool for the geotechnical project, one should
take into account the Eurocode 7 Category (Figure 5.4). For a Category 1 project, the acoustical
investigative method could provide enough data to confirm the stable and low-risk nature of the rock
mass. Possibly helped by a Rock Mass Rating and a three dimensional stress model, this would suffice
that category.

A Category 2 project needs a least some certainty regarding stress tensors. This can only be (quickly)
achieved with one, or multiple, flat jack test(s). Elastic knowledge of the rock from laboratory work will
help generate more trust in the data. Also, a Rock Mass Rating can provide information on the possible
necessity of additional structural stability construction works, as well as helping in confirming results
from the stress test.

For a Category 3 project, a multitude of both flat jack tests and acoustical investigative methods could
provide large enough information about the rock mass in question. Laboratory work is then necessary
to aid the acoustics as well as providing elastic properties of the rock. If the Category 3 project in
Stjernøya is performed, it might be helpful to also call in a rock mechanical consultancy company or
contractor to perform a different stress test if not enough trust is given to the results found by the tests
performed with the ’hand-held’ equipment.

5.4. The Corner of Myrvang
Themain area of research in the Stjernøyamine has been the corner where A. Myrvang did a overcoring
test in the 1970s. The findings this overcoring test, which was performed ad 38 cm depth into the rock
wall, can be found in Table 4.1. Most interestingly, the vertical pressure was found to be 9.7 MPa. This
coincides really well with the vertical pressure (9.81 MPa) found with the flat jack between 0 and 45 cm
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Table 5.4: Results from geotechnical research on the corner of Myrvang in the Stjern{\o}ya mine.

Stjernøya Overall
Parameter Description Value Note
UCS MPa 117.5 Johansson (2001)
P-wave Speed m/s 5369 Johansson (2001)
Elastic Modulus (high) GPa 65.6 Johansson (2001)
Elastic Modulus (low) GPa 26 Dahle (2007)
Elastic Modulus (average) GPa 45.8
Poissons Ratio - 0.24 Dahle (2007)

Lab - Samples from Corner of Myrvang
Parameter Description Value Note
UCS MPa 125.1 Average
P-wave Speed m/s 6549 Averaged Maximum
Elastic Modulus (high) GPa 63.01 Average Second Stage
Elastic Modulus (low) GPa 36.62 Average First Stage
Elastic Modulus (average) GPa 49.82
Elastic Modulus (acoustics) GPa 47.35 From P/S-wave modulus
Poissons Ratio (high) - 0.15 Average Second Stage
Poissons Ratio (low) - 0.37 Average First Stage

Corner of Myrvang
Parameter Description Value Note
σv MPa 9.81 Flat Jack
σv MPa 9.80 Overburden stress
σv MPa 9.7 Overcoring test (Myrvang, 1973)
P-wave Speed m/s 6258 95th Percentile (HvM-Pillar)
P-wave Speed m/s 5755 75th Percentile (HvM-Pillar)
P-wave Speed m/s 5525 50th Percentile (HvM-Pillar)
RMR89 - 82 (Q = 2.7 and GSI = 77)
RQD (high estimate) % 92.5 from RMR89
RQD (low estimate) % 80.3 from RMR89
RQD % 81 from seismic velocity
Elastic Modulus GPa 33.7 inferred from Flat Jack Pressure (low-stress domain)
Elastic Modulus GPa 17.57 ASTM-method, low because of wrong procedure.
Elastic Modulus GPa 63.1 inferred from RMR89 results

into the wall. It is logical that this value is found, as it coincides with the pressure the overburden (370
metres) should apply on the rock. Also, because the corner of Myrvang is in a relatively undisturbed
area of the mine, its pressure profile should not have significantly changed over the years. These
results further speak in favour of the result found with the flat jack measurement and the result of the
overcoring test by Myrvang. Next to that, acoustic measurements through the pillar also find velocities
that could further confirm the stress regime. Finally, the RMR andQ classification of the outcrop indicate
a good rock mass quality. Comparing the found elastic moduli with the flat jack tests and in the lab with
the ones inferred by the RMR further confirms the understandable and predictable behaviour of the
pillar at the corner of Myrvang. A list of the final rock mechanical parameters of all the tests done
on the area, along with generally accepted values in the Stjernøya mine can be seen in the Table
5.4 and (partially) visualised in Figure 5.5. Please note the differences between the different P-wave
measurements. Also, the topography stress refers to the stress caused by the overburden, calculated
using the difference between topography and measurement point in the vertical direction.
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Figure 5.5: Results of the corner of Myrvang plotted in the map.

For visualisation purposes, a bar chart of the different Elastic moduli is visible in Figure 5.6. It is apparent
that the laboratory results from the samples retrieved from the corner of Myrvang show great resem-
blance to the values found in literature. Also, the elastic modulus calculated using elastic theory (For-
mulae 3.3,3.11,3.5,3.10) is found to be almost exactly the same as the average elastic modulus found
in the UCS-test. When comparing the found elastic moduli with the field tests, the RMR-classification
gives a similar high peak at around 65 GPa. The elastic modulus inferred from the loading pressure-
strain curves of the flat jack gives a similar elastic modulus to the low-stress domain elastic modulus
found using the UCS-tests and literature. Sadly, the elastic modulus found using the ASTM-proposed
method of finding the elastic modulus using the flat jack test cannot be correctly interpreted, due to the
fact that only one measuring point is used in measuring strain.

Figure 5.6: Comparison of elastic moduli for the different tests. (UCS refers to UCS-test)



6
Discussion

The following discussion will refer to several stages in this research. It will summarize them and their
results. Also, it will indicate where the workings were influenced by several factors. Some of these
factors were chosen for, as they were necessary for the research to happen or for the research to stay
within the scope. Other factors that had an influence on results were uncontrollable factors, which you
can expect during experimental (field) work. This discussion thus poses to explain the limitations of the
research and potential areas to explore further in the future.

6.1. Summary
This research aimed at creating more knowledge about several stress measuring techniques in the
near-surface low-stress hard rock mine of Stjernøya. Consequently, a more precise strategy could
then be created for varying rock mechanical researches in the mine. To do this, a multitude of rock
mechanical and acoustic tests were conducted either in the lab or in the field. The results from the
lab are clear, a proper understanding of the samples retrieved from the field research area is achieved.
The found laboratory values coincide with findings in previous researches on the nepheline syenite in
the mine of interest. Additionally, a clear logarithmic relation is found between the increase in stress
and the increase in P-wave speed, given a CHILE sample.

The application of this relation in the field proved to be more difficult. A lot of acoustic measurements
were done on the location, next to a single flat jack test, in order to measure the vertical stress along
the wall. The acoustic tests through the pillar at the location gave plausible velocities, whereas the
measurements along the wall gave a large spread of results that were harder to interpret and combine
with the relation into a stress reading.

The final results, however, do give a distinct result where the multiple tests agree on the state of the
rock. Stress found in literature add up with the stress found using the flat jack test and with the stress
applied by the overburden. Next to that, seismic velocities could be used to assume a stress-level in
the rock. Confirmation of tests comes by comparing their elastic moduli, that show two distinct stages,
along with an average. Finally, empirical and visual measurements done using a rock rating classifica-
tion like RMR or RQD confirmed the state of the rock and also inferred rock mechanical parameters that
agreed with test measurements. By combining all the tests, a thorough understanding of the nepheline
syenite and the state of the corner of Myrvang was created, along with a confirmation that all the mea-
surement techniques could be used to generate useful, consistent and trustworthy information about
the rock.

6.2. Implications
The difficulty of this research appeared to be in the application and later combination of different stress
measurements, given their respective efficiency and accuracy, in relation to a challenging geology and
environment. A geotechnical engineer on site would like to know certain rock mechanical parameters,
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given the Eurocode 7 (STANDARD, 2004) geotechnical category. The combination of the rock me-
chanical parameters, including stress, gives a level of geotechnical knowledge, befitting a Eurocode
7 category. Based on the trust in the measurement technique and the generated results of the mea-
surement technique, this level of geotechnical knowledge is created. This research gives multiple
possibilities for a geotechnical engineer to create this geotechnical knowledge with a high level of trust,
worthy of multiple categories within the Eurocode 7.

Next to that, the research also opens up multiple paths into further research on the measurement
techniques and the nepheline syenite. Significant statements can be made about the stress response
of the nepheline syenite during laboratory stress and acoustic tests. Furthermore, the confirmation
and broadening of knowledge about the rock is valuable for the mining engineers in the Sibelco team.
Additionally, the research confirms rock-mechanical difficulties that can be encountered in a low-stress
underground opening.

6.3. Limitations
This research was conducted on one reasonably undisturbed area of the mine. An acoustic experiment
was briefly tested at one other area within the underground complex, but a multitude of tests spread
throughout the mine fell outside of the scope of the thesis. Also does this research not give a clear
solution for finding the σ1, σ2 and σ3 in and around the underground opening. For engineering, this is
also not necessary, as an approximation of the reigning stress field already gives a lot of information.
Three different flat jack tests could create the Cauchy tensors, but some literature (He and Hatzor, 2015)
states that a minimum of six tests is required. Directly retrieving stress values from P-wave velocity is
also difficult, as this research does not specify which stress tensor that gives. In the end, a 2D or 3D
numerical stress model could help the retrieval of the 3 principle stresses. If it is found that a rock mass,
like the pillar at the corner of Myrvang, behaves consistent with the general rock mechanical rules of
the underground complex, the retrieval of the stress from the model could suffice.

6.3.1. Laboratory tests
The most straightforward test conducted in this research is the UCS test. It is well known and well docu-
mented in the ASTMD4729-19 (2019). After adhering to the guidelines as specified in the standard, the
results from the UCS-tests are understandable and clear. More testing could create a larger sampling
group with even more certainty, but as the results from this research are very consistent with previous
research on the Norwegian nepheline syenite (Johansson, 2001), this is not deemed necessary. What
could be interesting is studying the fracture planes of the broken samples in a CT-scan, to measure
their orientations. This could give valuable information for modelling the failure of the rock in-situ. Also,
reviewing the samples after the so-called ’spalling-event’ (Figure 6.1) is not done in this research but
might be interesting in the future. As specified in the introduction, spalling is a failure mode that is
observed at multiple locations in the mine, but not yet understood.



6.3. Limitations 68

Figure 6.1: ”Spalling event” occurring at around 1/2 the UCS of sample NSLM4.

One other limiting factor on the laboratory UCS-test is the sample geometry. Due to in-situ sampling
with a handheld drill of no more than 15 cm, the samples were cut in small, sometimes broken cores.
This lead to the decision to use samples with 80 mm in length and 40 mm in diameter. Despite this
being on the edge of the boundaries set by various standards on UCS-testing, they did adhere to the
regulations and the 80x40 samples gave very similar results to the 70x30 samples from earlier research.

The acoustic-wave generation and acquisition in the laboratory is done with great precision that cannot
be achieved in the field. Nonetheless, the maximum possible voltage or power that can be created by
the amplifier is 1V. In the lower stress domain this sometimes lead to very bad propagation of the wave.
In both the P-wave and S-wave amplitudes this problem can be seen. During the analysis this became
a problem, as wave onsets were very hard to classify.

It can be discussed that a hard boundary had to be set and that all the wave onsets had to be hand-
picked, but due to the size of the dataset and the bias of a sole observer it was chosen to let the
computer code do this task. In the end, the results from the computer code seemed correct for homo-
geneous samples. Visibly cracked samples had a much larger difficulty in propagation when the first
20 MegaPascals were applied to them. This is visible in Figure 6.2. In the cracked HvMCore7 sample
especially undulating noise, offset and poor wave-onset made proper picking difficult. Because of the
maximum voltage available it cannot be contributed fully to the cracks in the sample, as explained by
Figures 5.1 and 5.2. Lower amplitudes could mean that the P-wave onsets are just not measurable in
the lower-stress regime. To increase the amplitude and make the generated wave more visible, future
tests could be done using a 1 Kilo Hertz wave instead of a 1 Mega Hertz wave.
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Figure 6.2: Problems encountered during the picking of P-wave arrival times.

Another problem with the laboratory acoustics is the fitting of the stress-relation curves. Because of
the visual observed similarity with a power-curve it was chosen to take an exponential approach to the
fitting process. The exponential fits only hold until a certain stress-level (+-70 MPa, Figure 4.18). In
some cases, however, a quadratic function produces a fit with a greater correlation coefficient. Only
at the edges of the dataset, the low and high stresses, the quadratic function does not hold properly.
Whether one is better than the other can be argued and statistically researched in future investigations,
but for this research, as it focuses on low stress domains, it was chosen to take the power function as
the main relation, because of its better fit in lower stress domains.

Finally, the laboratory tests are merely a show of the heterogeneity of the samples and thus the rock
in the Stjernøya mine. Despite the samples being from the same borehole, they show variety in UCS,
Elasticity, Poisson’s ratio and P/S-wave speeds. The differences observed in, for instance, maximum
P-wave speed might be entirely due to mineral composition. The stress history of the sample (Kaiser-
effect, Mulder (2019)) and the closeness to the underground opening could also have influenced the
heterogeneity of the sample set.
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6.3.2. Field tests
Flat Jack test
In the field, not everything can be as precisely controlled as in the laboratory. At the start of conducting
measurements, the rock mass is not as well defined as a cut-out sample in the lab and therefore it is al-
ways a question what you are actually measuring. Especially with the flat jack test this is of importance.
During testing there is only so much you can control. For starters, the measurement device used is a
laser attached to a 2 metre wide bar attached onto the wall at 2 rock bolts. The first assumption made
is that during deformation because of the opening of a slot, no movement is caused at the attachment
points of the bar. Mestdag (2022) argues that deformation happens during measurement, but there is
no measurement done to back up this argument and also in other literature there is no evidence found
that deformation in the rock mass occurs further than 0.5 metres parallel to the slot. This research did
not aim at proving or disproving the hypothesis by Mestdag (2022).

Also control over the slot proved to be really difficult. As you are diamond-cutting into very hard and
somewhat stressed rock, cutting is difficult. The cutting mechanism works, but an ideal flat-jack shaped
slot is not realised. This could limit the accuracy of the final pressures and strains found. To mitigate
the problems caused by this irregular cut slot, the tributary area method is used. Although this method
is proven to work in a large room and pillar mine, it is uncertain whether the method still holds in such a
small and confined rock mass. Nonetheless, the application of a certain geometric method adheres to
the (withdrawn) standard mentioned in ASTM D4729-08 (2017). Next to that, the found results using
the tributary area method coincide with other findings, which speaks in favor of the method. Room for
improvement is possible in the slot creation with more precision and symmetry.

After insertion, the flat jack is powered up by a hydraulic press that is hand-operated using a analogue
manometer. As the operator needs to forcefully operate the flat jack, next to taking measurements
and safeguarding the test, there is a lot of room for error. It should be noted that no errors were found
during the test, but a mechanical or automatic pump could generate a safer process along with more
accurate readings and a steady loading rate. For not just this particular reason it was chosen to utilize
the more easily controlled pressure release for the elastic calculations. The loading/unloading cycles
are difficult to get correct in the first try and thus multiple loading cycles are done using the flat jack.
It can be argued that the cyclic loading of the rock surrounding the flat jack could break the rock, but
the gathered data does not indicate this. Also, the lab tested samples do not show any fatigue in the
low stress (0-40 MPa) domain after repetitive loading. In this case it could be argued that because the
install process takes so long compared to the actual measurement, more tests are always justified for
more accurate data and a better understanding of the rock in-situ.

Another act that might improve the attainable data from the flat jack method is the creation of multi-
ple strain measuring points. This can help in understanding the rock mass, as well as in finding a more
accurate elastic modulus using the ASTM-method.

Field Acoustics
This research stated that the nepheline syenite measured using the acoustic investigative method is
not CHILE. It is not Continuous, Homogeneous, Isotropic and Linear Elastic. This lies at the heart of
the limitations of the field acoustic measurements. Because of the heterogeneity of the rock mass,
measurements could all be a true representation of the wave propagation through the rock mass. It
is because of this principle that there are a lot of uncertainties and thus limitations associated with the
results from the field acoustic measurements.

For starters, the data generated is extremely dense due to the high capabilities of the geophones
to pick up any vibration in the rock. The blow of the hammer still stands out, but some measurements
featured strange bursts of amplitude that could not be easily explained. Some sort of damping could
prevent this, but for longer tests, geophones might not pick up the wave altogether. Nonetheless, the
current geophones do work, but generate data that is very hard to understand without misinterpreting
and/or filter the data wihtout modifying it. It is understood from this research that the filtering process
could remove datapoints that set-off the hammer-blow waveform by just the slightest, making it hard to
find an arrival time.
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For this reason, it could be interesting to also test different geophones that are being used by, for in-
stance, the TU Delft in field measurements. It would be interesting if the same dense data is generated
by those or if they are modified better to pick up sound waves and filter out noise. Better geophones
does mean more elaborate data and could allow for wave-form analysis and given a large enough
group of geophones, possibly even seismic tomography. Using this seismic tomography, a visual in-
terpretation could be made of the structures in the rock mass of interest. This research did not include
this, but for future research this could be extremely valuable information for a geotechnical engineer.

Recurring monitoring could be possible using the acoustic investigative method. As the rock bolts
are already installed, it would be very interesting to repeat the test using the rock-bolts after a cou-
ple of weeks, months or years. The changes observed in P-wave could possibly be an indication of
the changing stress regime in the rock mass. As a monitoring tool, the acoustic investigative method
shows great promise and has been done within Sibelco (Schmitz, 2020), but more future research, on
for instance the Corner of Myrvang in 6 months time, could give valuable answers.

It would also be possible to do a cross-borehole measurement, like performed by (Barton et al., 1994).
This would give better information about stress states in the rock mass, in contrary to the altered stress
state observed around and because of the underground opening. A cross-borehole test, however, is
not possible with the current equipment available at Stjernøya. Therefore, it is a recommendation for
future research.

Another point of discussion concerning the acoustic field tests is the subject of measurement. It was
chosen to measure both through the pillar and along the wall of that pillar in the corner of Myrvang. The
results varied a lot. Not only did the measurement through the pillar statistically gave higher P-wave
speeds, the data was also a lot more homogeneous than that of the measurement along the wall. It
must be noted that those two tests were done on different days and that during the test along the wall
measurement difficulties were encountered with the set up. Nonetheless, a similar wall-measurement
along the barrier pillar in underground mine 2 of the Stjernøya complex gave a much more homoge-
neous result. This raises the question whether the results along the wall at the corner of Myrvang are
(partially) correct or the measurement was just not executed properly due to operator or equipment
malfunction.

In the end, the acoustic field test is limited by the choices made for this research. The array-like
difference between the geophone locations was chosen to be around 5 metres along the wall, but not
measured prior to taking the geophone readings. Measurements spaced further away or closer to-
gether could generate better data, but this effect was not investigated during this research. Also the
blow of the Estwing geological hammer was not constantly performed by even the same geotechnical
engineer, which could give difference in data measured. Next to that, the location of the blow varied
based on the capability of the rock surrounding the geophone. To prevent hammering a loose slab
and creating instant reflective waves, a solid block was chosen to hammer on, which was not always
directly next to the geophone. Future research could investigate the possibility of installing a rock bolt
right next to the rock bolt of the geophone, which reassures a smooth transition of the hammer blow
and its wave into the rock. This would also make it possible to not hammer inbetween two geophones
when measuring along a wall surface.

Rock Mass Rating and Q-value Rating
Measurements done for the Rock Mass Rating (and Q-value) are biased by the performer of the mea-
surements. It is a visual/haptic method so it is prone to interpretation bias. Despite this, the rating
systems can give good additional information of the rock mass. The proceedings of the rating like Elas-
tic Modulus, P-wave Velocity and RQD are very good to compare with similar data generated by other
measurements. The final scores of the Rock Mass Rating and especially the Q-value rating are very
limited in giving proper information about only the rock, as they take into account non-rock parameters
like SRF (stress reduction factor) based on the type of underground opening and the risk associated
with that opening. This heavily influences the final score. Also, the water reduction factor or the near-
surface blasting influence factors are not defining of the rock and the stresses in it. The Q-value rating
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also uses an arbitrary logarithmic scale to defining stability of the rock mass. This makes it hard to
interpret as a single extra joint set could create a very large jump in Q-value rating. The rating systems
are, overall, too general and not specific enough for this rock type. That being said, it cannot be denied
that there is use for them in checking found variables, doing a quick survey of an area of interest and
finding different rock parameters like the friction angle and cohesion, which are important inputs for the
geotechnical model.

6.4. Recommendations
Following this research, geotechnical engineers in Stjernøya should have a better understanding on
what tests to perform in which situation. More investigations can be done on every test done. In the
lab, the spalling-event, as well as fracture planes can be investigated further. Also, acoustical tests
with different frequencies than 1 MHz could be done, to see whether wave propagation through the
sample improves in the lower stress domain. In the field, flat jack tests could be done with better cut
out slots and with more control of the hydraulic pumping and releasing. Research on the applicability
of the tributary area method could benefit the flat jack findings. It would also be interesting to perform
a different test, like overcoring or hydraulic fracturing on the corner of Myrvang to further check the
values found and calibrate the acoustical investigative method. This acoustical investigative method
could also be redone with different standard geophones on a larger array and with different spacings
or using a cross-borehole technique. The repetition of the same tests could indicate the usefulness of
the acoustic investigative method as a monitoring tool. Finally, specific modelling of the stresses using
a 2D or 3D numerical model would be recommended to confirm the found results and further the trust
in the hand-held measurement methods used in the Stjernøya underground complex.



7
Conclusion

In this research, a full rock mechanical investigation was launched in both the laboratory and in the
field. Based on the similarities found in this research between the laboratory results of the tests and
the results in the field, it was deemed probable that the measurement procedures in the lab could par-
tially be recreated in the field. By allowing this, stress measurements in the field could be done using
two different methods; the mechanical flat jack method and the acoustical investigative method using
P-wave velocity. Following are statements resulting from this research;

In the lab, it was established that there exists a relation between stress and P-wave velocity. De-
spite the heterogeneous nature of the rock, it was found probable that a similar relation should exist
in the field. The flat jack test and the acoustic investigative method should then be done on the same
rock mass to establish this relation in the field also.

A set up of a flat jack test is difficult and requires scientific precision. Nonetheless, if the tools are
available, like on Stjernøya, the set up can be done in less than a day with two skilled geotechnical
engineers. The time and cost to do a flat jack test is a lot lower than that of its mechanical counterparts,
like overcoring or hydraulic fracturing. Next to that, it can be done almost anywhere in any direction
where there is a straight undisturbed surface.

As a result the flat jack test produced one accurate stress tensor measured from up to 50 cm into
the wall, that coincided with other (older and empirical) stress-tensors. Additionally, the flat jack test
provides information on induced strains to generate the elastic modulus. Next to that, the flat jack test
can identify local extensional instead of compression forces. In terms of Eurocode 7, a trio of flat jack
tests would be sufficient for a Category 2 project. In combination with an acoustical and laboratory
research it could also suffice a Category 3 project.

The acoustical investigative method gives accurate P-wave speeds, provided that well working sen-
sors are available. A statistical analysis of the results using a reference stress relation could potentially
give an indication of the stress regime. This research, however, did not find that measuring stress
using acoustical investigative methods would always work. This research confirmed that there exists
a relation between stress and P-wave speed, but it is questionable whether you are measuring the
stress response of the rock in the field instead of for instance Rock Quality. As lab results show, a low
acoustic velocity can only be observed in rock with low stress or in (almost) failed rock masses.

One of the takeaways from the acoustical investigative method is that the tests can be done very quickly
and almost anywhere where there exists a surface of interest in an area of which the rock properties
(elasticity and acoustic velocities) are known. Additionally, it was observed that cross-pillar measure-
ments are more accurate than cross-wall measurements. Because it only gives an indication on the
overall acting stress on the field (σ1,2,3), P-wave measurements should only be used as a sole source
of information for a Eurocode 7 Category 1 project. In Category 2 or 3 projects it can be very helpful in
generating additional data on the quality of the rock and as a quick way to check found stress values.
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Rock Mass Rating and/or Q-value rating should not be seen as a real stress measurement tool but
rather as a complementary test to confirm or benefit found results in the different tests. They can also
help the geotechnical engineer in looking more thoroughly at the rock in an efficient way. In any Eu-
rocode 7 Category, the final step in the geotechnical investigation could be the application of the Rock
Mass Rating or Q-value rating.

The difficulty in Stjernøya with measuring stress is due to a low in-situ stress. Despite it being ben-
eficial for the stability of mine-openings, this research found that a low in-situ stress makes it more
difficult to calibrate mechanical stress tests, due to the unknown principal stress direction and size.
Next to that, acoustic P-wave speed measurements are being done in a very low stress regime, in and
around the first phase of the loading phase (Crack Closure). This makes it hard to interpret the found
acoustic velocities as it could be that the cracks in the rock mass are being measured instead of the
velocity that is induced by the stress.

To conclude, combining flat jack testing (or any other mechanical testing method that gives a stress
tensor and elastic response) and acoustic velocity measurements, in both the laboratory and the field,
a profound knowledge of a rock mass and the stresses in it can be generated, which is to be benefited
by a visual rock mass rating. All the measurements can be done with ’hand-held’ measurements and
in a relative short period of time, given logistical constraints. Additionally, implementing that knowledge
into a 2D or 3D numerical stress model should suffice the highest Category of geotechnical projects.
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A
Lillebukt Geological Map
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Figure A.1: Geological map of the Lillebukt Complex (Bruland, 1980)



B
Rock Mass Rating

Figure B.1: The RMR-rating results as specified by Bieniawski (1993)
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Figure B.2: The RMR-rating sheet as specified by Bieniawski (1993)



C
Q-rating System

Barton et al. (1974)

Figure C.1: The Q-rating results as specified by Barton et al. (1974)
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Figure C.2: The Q-rating sheet as specified by Barton et al. (1974)



D
UCS-Test Results

Figure D.1: Stress-strain curve from nepheline-syenite sample ALU1.
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Figure D.2: Stress-strain curve from nepheline-syenite sample NSLM1.
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Figure D.3: Stress-strain curve from nepheline-syenite sample NSLM2.
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Figure D.4: Stress-strain curve from nepheline-syenite sample NSLM4.

Figure D.5: Code picked Arrival times of sample NSLM4.
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Figure D.6: Code Picked P-wave speed and fitted P-wave speed of sample NSLM4.

Figure D.7: Code Picked S-wave speed and fitted S-wave speed of sample NSLM4.
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(a) Stress-Strain Curve of Sample HvMCore1 (b) Stress-Arrival time Curve of Sample HvMCore1

(c) Code-Pick vs. Hand-Pick of P-wave arrival time of Sample
HvMCore1

(d) Average Wave Amplitude growth of Sample HvMCore1

(e) P-wave Speed versus Stress of Sample HvMCore1 + fit (f) Sandstone dummy sample P-wave speed + fit

Figure D.8: Analysis of UCS test + acoustics on sample HvMCore1.
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(a) Stress-Strain Curve of Sample HvMCore2 (b) Stress-Arrival time Curve of Sample HvMCore2

(c) Close-up of P-wave arrival time of Sample HvMCore2 (d) Average Wave Amplitude growth of Sample HvMCore2

(e) P-wave Speed versus Stress of Sample HvMCore2 (f) Close up of P-wave speed of sample HvMCore2

Figure D.9: Analysis of UCS test + acoustics on sample HvMCore2.
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(a) Stress-Strain Curve of Sample HvMCore3 (b) Stress-Arrival time Curve of Sample HvMCore3

(c) Close-up of P-wave arrival time of Sample HvMCore3 (d) Average Wave Amplitude growth of Sample HvMCore3

(e) P-wave Speed versus Stress of Sample HvMCore3 (f) Close up of P-wave speed of sample HvMCore3

Figure D.10: Analysis of UCS test + acoustics on sample HvMCore3.
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(a) Stress-Strain Curve of Sample HvMCore4 (b) Stress-Arrival time Curve of Sample HvMCore4

(c) Close-up of P-wave arrival time of Sample HvMCore4 (d) Average Wave Amplitude growth of Sample HvMCore4

(e) P-wave Speed versus Stress of Sample HvMCore4 (f) Close up of P-wave speed of sample HvMCore4

Figure D.11: Analysis of UCS test + acoustics on sample HvMCore4.
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(a) Stress-Strain Curve of Sample HvMCore5 (b) Stress-Arrival time Curve of Sample HvMCore5

(c) Close-up of P-wave arrival time of Sample HvMCore5 (d) Average Wave Amplitude growth of Sample HvMCore5

(e) P-wave Speed versus Stress of Sample HvMCore5 (f) Close up of P-wave speed of sample HvMCore5

Figure D.12: Analysis of UCS test + acoustics on sample HvMCore5.
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(a) Stress-Strain Curve of Sample HvMCore6 (b) Stress-Arrival time Curve of Sample HvMCore6

(c) Close-up of P-wave arrival time of Sample HvMCore6 (d) Average Wave Amplitude growth of Sample HvMCore6

(e) P-wave Speed versus Stress of Sample HvMCore6 (f) Close up of P-wave speed of sample HvMCore6

Figure D.13: Analysis of UCS test + acoustics on sample HvMCore6.
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(a) Stress-Strain Curve of Sample HvMCore7 (b) Stress-Arrival time Curve of Sample HvMCore7

(c) Close-up of P-wave arrival time of Sample HvMCore7 (d) Average Wave Amplitude growth of Sample HvMCore7

(e) P-wave Speed versus Stress of Sample HvMCore7 (f) Close up of P-wave speed of sample HvMCore7

Figure D.14: Analysis of UCS test + acoustics on sample HvMCore7.
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