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ABSTRACT 
This Master’s thesis tests the suitability of moving towards automated core logging for testing 

the uniaxial compressive strength of rock cores. The method chosen is the scratch test, a semi-

destructive test method developed in the 90s. The method has been proven successful for rock 

types such as limestone and sandstones. Comparative tests have been carried out with UCS and 

point load methods. The cores tested come from five mines in northern Scandinavia, Kiruna, 

Kittilä, Kristineberg, Garpenberg and Malmberget.  

The UCS and point load tests were carried out at Complab at Luleå University of Technology, 

while the scratch tests were carried out by EPSLOG in Belgium. Due to limitations in the num-

ber of tests that could be carried out, together with a wish to test as many types of mineralogy 

as possible, only a limited number of tests from each mine could be carried out. 

The results were analysed both visually using graphs and by statistics. The statistical methods used 

was the t-test with different variances, as well as interval estimations. 

The results showed that in three of four cases the scratch test showed statistically higher strength 

values. It was also reported that the hard rock cores put a lot of stress on the test apparatus used 

in the scratch test, the cutting tools wore out prematurely. 

The conclusion from the tests are that scratch testing is an interesting method, as it makes it 

possible to test cores that couldn’t always be tested conventionally. It also makes it possible to 

see variations in strength along the core. Further research is needed to find the correlation be-

tween the force needed to cut the rock and the strength of the core for hard rock materials.   
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SAMMANFATTNING 
Detta examensarbete testar möjligheterna för automatisk loggning av borrkärnor med avseende 

på enaxiell tryckhållfasthet. Metoden som testas är den så kallade skrap-metoden, en semiförstö-

rande metod som utvecklades under det tidiga 90-talet. Metoden har visat sig fungera bra vid 

tester av bland annat kalk- och sandsten. Metoden har jämförts med enaxiella trycktest, samt med 

punktlasttest. Borrkärnorna som testats kommer från fem gruvor i norra Skandinavien, Kiruna, 

Kittilä, Kristineberg, Garpenberg och Malmberget. 

De enaxiella trycktesterna samt punktlasttesterna utfördes vid Complab på Luleå Tekniska Uni-

versitet. Skraptesterna utfördes av EPSLOG i Belgien. På grund av begränsningar i antalet tester 

som kunde utföras samtidigt som så många olika mineralsammansättningar som möjligt testades 

blev antalet tester per gruva lågt. 

Resultaten analyserades både visuellt genom grafer och med hjälp av statiska metoder. De stat-

istiska metoder som nyttjades var t-tester där de olika populationerna hade olika varians, samt 

intervalltester. 

Resultaten visade i tre av fyra fall att skrapmetoden visade statistiskt högre hållfasthetsvärden. Det 

framkom också att de hårda bergarterna vållade vissa problem för testutrustningen, bland annat 

slets skärstålet ned ovanligt fort. 

Slutsatsen från testerna är att skrapmetoden är intressant, då den gör det möjligt att testa borrkär-

nor som inte annars skulle kunna testas på konventionell väg. Den gör det också möjligt att följa 

hur hållfastheten varierar över borrkärnans längd. Vidare forskning behövs för att finna samband 

mellan kraften som behövs för att skära i borrkärnan och dess hållfasthet för hårda bergmaterial.  
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1 INTRODUCTION 
This chapter will give a brief background of why this project is conducted, what the research 

questions are and what limitations have been set. 

1.1  Background 

Mining companies are interested in knowing as much as possible about the rock parameters to 

maximize profits. Primarily they need to know what ore-grade the material has. Geologists and 

metallurgists do this work. They also need to know the rock strength to make the correct rein-

forcements. Today, this is done one step at a time, which of course is both costly and takes a lot 

of time. Therefore, a project called The Optimizing Resource Characterization program – 

ORESC has been activated. 

1.2  Purpose and goals 

The purpose of this thesis is to test at least one automated method for core logging, and compare 

the results with established methods. The results will also be analysed using statistical methods.  

1.3  Research questions 

The following questions make up the premises of this project. 

• Is there a method for automated core logging, that is not fully destructible? 

• Are the results comparable to established methods? 

• Is it possible to use the method as is? 

1.4  Limitations 

The rock mechanical tests have been limited to uniaxial compressive strength tests. Ultrasonic 

tests have been conducted, these may be used to find the Young’s modulus. These were included 

in the price for doing the scratch tests and will not be included in this thesis.  

Rock mechanical testing is very demanding on resources. To test rock cores from each mine 

only a few resource intensive tests could be done with cores from each mine.  

Due to the nature of strength tests, i.e. destructive, it is not possible to test the same core bit one 

to one. Added to the fact that the number of tests are limited by resources this means that it’s 

impossible to point to definitive differences between each testing method.  

1.5  Layout of the thesis 

The thesis is divided into eight chapters. The first chapter gives a short introduction and back-

ground, as well as purpose and methodology for the thesis. The second chapter introduces the 

different mines and, where applicable, the geological composition of the cores. Chapter three is 

about stresses in rock and how rock reinforcements are calculated using the Q-system and RMR. 

Chapter four describes the rock mechanical tests used in the thesis. Chapter five describes the 

statistical calculations used to analyse the results. Chapter six displays the results from the rock 

mechanical tests, as well as analysing those results using the methods described in chapter five. 

The seventh chapter contains the discussion, and the final chapter seven has the conclusion with 

ideas for further research. 
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2 Methodology 
In this chapter, the methodology will be described. The sub-topics will further describe why 

some things were considered more valuable to the project than others. 

2.1  Literature studies 

Literature includes everything printed in some form, such as articles, books, reports etc. This 

report is based on articles available on the internet, and found via Luleå University of Technol-

ogies library, as well as course literature, and material used in earlier parts of the ORESC project. 

Search phrases have included “continuous core logging”, “non-destructive strength tests”, and 

“alternative rock mechanical test methods” as well as variants of these. 

2.1.1 Validity of literature 

The literature sources are either course material, research papers, information from authori-

ties/accredited test labs, or information from companies. Of those the last one is most critical. 

All information from companies used in this thesis have scientific sources, and thus is credible. 

Whenever possible claims have been checked from multiple sources. 

2.2 Lab tests 

The lab tests are the absolute core of the project. To get a head start it was decided to start with 

tests that could be of interest as soon as possible, while at the same time gathering more research 

on said tests.  

At first it was decided to test ultrasonic wave tests at LTU, a total of three cores were tested. 

After it was established that it was possible to read ultrasonic data from the tests the method was 

dropped without further investigation. The reason being the scratch test was brought to attention 

and the fact that it is seemingly impossible to do compressive strength calculations from ultrasonic 

data.  

Another test done early on was the Brazilian test for tensile strength. The idea was to test the 

correlation between tensile and compressive strength. As this proved very difficult and at the 

same time didn’t correlate well with the research questions the method was dropped from further 

analysis. As the testing and analysis of the results had come far they are left in the report in 

Appendix F. 

Three different lab tests were eventually carried out and included in the analysis. These are the 

uniaxial compressive strength test, scratch testing, and point load tests were done and are included 

in the analysis. The uniaxial compressive strength tests, point load tests have been performed at 

Complab at LTU. The scratch tests, and majority of ultrasonic tests have been performed by 

EPSLOG in Liege, Belgium. These methods were chosen based on the literature study and 

price/availability. 

2.3 Analysis 

The analysis has been divided into two parts, visual and statistical. The visual analysis consisted 

of graphs where the results from the different lab tests could be compared with each other. The 

layout of these graphs were discussed with the supervisor several times before the final form was 

decided on. 
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The statistical analysis aim was to answer the question whether a correlation between the meth-

ods could be found. The analysis has been made using methods that are applicable with the 

circumstances found within this project. These circumstances include, a material whose proper-

ties can vary greatly, and test populations of varying size.  

To comply with these circumstances, it was chosen to use a combination of mean values, stand-

ard deviations and the Welsh test, a variant of the t-test that can be used even with differences 

in test population size. 

  



THE SITES 

 

4 

 

3 THE SITES 
In this chapter, a brief introduction to all the sites from where the test samples in this thesis 

originate will be given. Whenever possible the geological composition of the samples will also 

be given. Unfortunately, this information is missing from some of the sites. 

3.1 Malmberget 

Situated just north of the arctic circle and next to the city of Gällivare lies Malmberget. Literally 

translated Malmberget means “The ore mountain”, here LKAB runs the world’s second largest 

underground iron ore mine, and the mine has been in service since 1891. (LKAB, 2015) 

3.1.1 Samples 

A total of 8 m core samples has been drilled in Malmberget from two ore bodies, Frans and 

Sparre. Eight samples, six from Sparre and two from Frans, with a length of 10cm each were cut 

and used for mineral identification, identification of grain size, and mineral assemblage, using 

optical microscopy. Hyperspectral imaging was then performed over the two drill core boxes. 

The eight samples used in the optical microscopy test were also analysed using hyperspectral 

imaging. (Armengol, Maria, & Kendro, 2014) 

Based on the above tests the ore samples were divided into three different categories, semi-

massive magnetite-rich ores, massive magnetite/hematite-rich ores and hematite-rich ores. 

These categories were then further divided into sub-groups with regards to grain-size and shape 

of the ore-minerals. (Armengol, Maria, & Kendro, 2014) 

The massive hematite-rich ore had a high percentage of irregular coarse grain (1.5-3 mm) hem-

atite and magnetite grains. Two different textures were found, veiny and granoblastic. The veiny 

textures consisted of 50% hematite, 25% magnetite, 15% fledspar, 5% apatite, 3% epidote and 

2% amphibole-pyroxene. The veins were perpendicular to the direction of drill and varied in 

width between 3 and 10mm. (Armengol, Maria, & Kendro, 2014) 

The massive magnetite-hematite-rich ore had coarse sub-rounded magnetite grains between 1 

and 5mm. These were found as porphyroblasts in a finer hematite-rich matrix. The mineral 

distribution was 45% magnetite, 35% hematite, 10% feldspar, 5% mica and 5% aptite. (Armengol, 

Maria, & Kendro, 2014) 

The semi-massive magnetite-rich ore had a major magnetite and minor hematite setup of me-

dium-coarse grain, up to 2, and 1mm respectively. All grains were in a sub-angular pattern. The 

mineral distribution were 60% magnetite, 20% hematite, and 20% amphibole-pyroxene. 

(Armengol, Maria, & Kendro, 2014) 

3.2  Kristineberg 

Approximately 120 km west of Skellefteå lies the small town of Kristineberg. Here, mining has 

been in operation since 1940 in the Boliden owned mine. Zinc, copper, lead, gold and silver is 

mined here. Mining is done in two veins at a depth between 800 and 1,300 m below surface. 

(New Boliden, 2015) 
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3.2.1 Samples 

The samples collected from the Kristineberg mine comes from a specific zone that has a different 

mineralogy than the rest of the mine. Five samples were selected and scanned by using optical 

microscopy, scanning electron microscopy, and hyperspectral imaging technique. Based on the 

results, the tests were divided into three different groups, A, B, and C. (Fraile del Rio & Hashan, 

2014) 

Group A’s main mineral is sphalerite, and it is semi-massive. Subhedral porphyroblast of pyrite 

is found in a matrix of quartz and chlorite with porphyroblasts of cordierite. There is also a high 

content of metallic minerals. (Fraile del Rio & Hashan, 2014) 

Group B consists of subhedral pyrite grains as the main mineral. Secondary sphalerite is found in 

either veins or as a matrix together with chlorite and minor amounts of quartz. Less metallic 

minerals than in group A. (Fraile del Rio & Hashan, 2014) 

Group C consists of a matrix dominated sample with subhedral grains of pyrite and corderite. 

The main minerals are muscovite and quartz. There are very little metallic minerals, just a weak 

impregnation of pyrite. (Fraile del Rio & Hashan, 2014) 

2.1  Kittilä 

Situated in the northernmost part of finnish Lapland lies Kittilä. Here the Canadian company, 

Agnico Eagle, runs the underground gold mine. Mining commenced in 2009 and in 2014 the 

production was just over 4 tonnes of gold. (Agnico Eagle, 2015) 

3.2.2 Samples 

The cores used in the tests came from the Suurikusikko ore body. A total of nine samples were 

used in the geological tests. Three of them came from the ore and six from the host rock. Four 

different types of geological composition were found. These were defined as primary ore, ore 

intersection, metamorphosed vulcanite and banded iron formation. (Contessotto & Manai, 2014) 

The primary ore consisted of pyrite, arsenopyrite, feldspar, calcite and quartz. The ore intersec-

tion consisted of pyrite, arsenopyrite, chalcopyrite, calcite, feldspar and quartz. In the metamor-

phosed vulcanite pyrite, arsenopyrite, graphite, feldspar, calcite, iron oxides and monazite were 

found. The banded iron formation consisted of pyrite, siderite, quartz and feldspar. (Contessotto 

& Manai, 2014) 

2.2  Kiruna 

Well above the arctic circle lies Kiruna, and the Kiirunavaara mine. Mining commenced here 

well over 100 years ago, and today it is the world’s largest underground iron-ore mine. The ore-

body reaches depths of 2 km, and runs 4 km in length with a width of 80 m. The production of 

iron ore was 27.5 million tonnes in 2008. The ore is of high grade, containing 60% iron. (Kable, 

n.d.) 

The mining method used is sub-level caving, meaning long holes are drilled upwards in the 

stopes. The holes are then filled with explosives making the ore fall down into the stope. The 

mine is hoisted up to the surface for processing. (LKAB, 2017) 



THE SITES 

 

6 

 

Due to the constant caving on the surface, caused by the mining operations, part of the Kiruna 

city will be moved at the expense of LKAB. (LKAB, 2017) 

2.3  Garpenberg 

In central Sweden lies the small town of Garpenberg with its mine. Garpenberg mine, which is 

operated by Boliden, is focused on minerals such as zinc, led, silver, copper and gold. About 2.5 

million tonnes of ore is excavated each year. The mine is completely underground. (Boliden, 

2017) 

Garpenberg lies in the classical Bergslagen area, once famous for its mines. The orebody is dip-

ping steeply, while at the same time being quite wide. Mineral grades are between 4 and 4.5% 

for zinc, 2% for led and 0.15% silver. Exploration is still being carried out in the area and mining 

is expected to continue further on in new ore bodies. Proven reserves amount to 4.7 Mt, with 

further probably reserves amounts to almost 6Mt. (Mining Technology, 2017) 

The method used is cut-and-fill, with stopes varying in length between 50 and 300 m, the width 

of the stopes is 15 m. The excavated ore is hoisted up to the surface for processing. (Mining 

Technology, 2017) 
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4 STRESSES AND MONITORING 
In this chapter a brief introduction to stresses in rock, and the monitoring of these, as well as a 

brief introduction to rock support design will be given. The purpose of this chapter is to give 

the reader the opportunity to put the compressive strength of a rock core into perspective of 

“the big picture”.  

4.1 Stresses in rock 

A stress is a force applied over an area on a material and allows for prediction of the materials 

behaviour. (Encyclopædia Britannica, 2006) 

 Stresses in a rock mass are related to both the overlaying rock mass and other geological prop-

erties. To fully describe the stresses in one specific spot in a rock mass, three stresses are needed 

to cover the x, y and z-directions in a coordinate system. These are known as σv for the main 

vertical stress, while σh, and σH for the smallest and largest main horizontal stress respectively. 

The horizontal stresses are often larger the first 500 meters below ground. (Nordlund, Rådberg, 

& Sjöberg, 1998) 

And indication of the stresses in Scandinavian rock could be calculated using Equations 1-3. 

𝜎𝑣 = 𝜌𝑔𝑧 (1) 

𝜎𝐻 = 2.8 + 0.04𝑧 (2) 

𝜎ℎ = 2.2 + 0.024𝑧 (3) 

Where 𝜌 equals the density, 𝑔 is the standard gravity, and 𝑧 is the depth in meters. Note that 

this only is based on a select number of measurements of Scandinavian rock, for a more precise 

stress analysis measurement is required. (Nordlund, Rådberg, & Sjöberg, 1998) 

4.1.1 Stress measurements 

Stress cannot be measured directly, instead it relies on other measurements. Such as deformation, 

pressure or strain. There are two main principles of stress measurements. The first one is by 

inducing strains, deformations or cracks, thus disturbing the in-situ conditions. The other way 

of doing it is by using such methods as acoustic measurements, strain recovery methods etc. 

(Brady & Brown, 2005) 

Borehole sensors and hydraulic cracking are the most common methods of measuring stresses in 

the rock. Borehole sensors are sensors installed in a borehole that is destressed by removing the 

surrounding rock from the main rock. By measuring the deformation on the now unloaded rock 

it is possible to calculate the primal stress level. (Nordlund, Rådberg, & Sjöberg, 1998) 

With hydraulic cracking, a limited part of a borehole is sealed tight and within the seal the 

pressure is increased using a liquid until the inner walls of the borehole cracks open. The pressure 

is then removed and re-applied a number of times, the more the better result. This will open a 

joint in the rock, and investigation of the direction and the pressure used will give the surround-

ing stresses. (Nordlund, Rådberg, & Sjöberg, 1998) 
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4.2 Rock monitoring 

Rock monitoring is done for various reasons, and using different methods. There are four main 

reasons for monitoring the rock, and they may be applicable one by one, or several at the same 

time. (Brady & Brown, 2005) 

They are: 

-In situ measurements, which measure the rock in its natural state. Stress levels and water table 

level are normal measurements. 

-Monitoring of safety hazards, for example developing deformations and cracks. 

-Confirm calculations and other parameters used in the design. 

-Control of various types of reinforcement. 

For each of the above stated reasons, several different parameters may be measured. These in-

clude, but are not limited to, stress, strain, deformation. failure, pressure and force. (Brady & 

Brown, 2005) 

4.3 Support design in rock construction. 

4.3.1 Failures in rock 

A rock mass can fail in several different ways, most commonly the failures can be derived to one 

of the following four causes: joints, pores, grain contacts, or containments. (Nordlund, Rådberg, 

& Sjöberg, 1998) 

For Scandinavian rock masses, the most common failure form down to about 500 meters are 

failures along joints. Thereafter the stresses are so high that the actual rock can fail as well. The 

rock material itself can fail in four different ways, tensile failure, spalling, shear failure, or sprain-

ing. (Nordlund, Rådberg, & Sjöberg, 1998) Since some mines go deeper than 500 meters it is 

therefore important to also know the rock strength. 

Tensile failures happen when the intact rock material between the joints fail due to defects in 

the rock that leads on to increased stresses in the particular area. Rock material can generally 

only handle very small amounts of tensile force. (Nordlund, Rådberg, & Sjöberg, 1998) 

Spalling happens when loading a sample in the vertical direction and the horizontal stresses are 

low. Micro cracks in the material will then open and the rock will separate. These micro cracks 

originate from inhomogeneities in the rock itself, causing tensile forces in the horizontal direc-

tion of the core. (Nordlund, Rådberg, & Sjöberg, 1998) 

An example of a spalling failure from one core tested by UCS testing in this thesis can be found 

in Figure 1. 
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Figure 1. Spalling failure on a core from Kristineberg 

Shear failures are initiated in the same way as spalling failures, but the cracks don’t propagate in 

the same way due to higher horizontal forces holding the cracks together. Instead the core is 

sheared diagonally. (Nordlund, Rådberg, & Sjöberg, 1998) 

An example of a shear failure from one of the cores tested by UCS testing in this thesis can be 

found in Figure 2. 
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Figure 2. Shear failure on a core from Kristineberg 

Spraining happens when pores in the core crush against each other. The core will be deformed, 

but the loading capacity is not affected. (Nordlund, Rådberg, & Sjöberg, 1998) 

4.3.2 Q-system 

One system for designing the support of a rock construction is the Rock Mass Quality, or some-

times known as the Tunnelling Quality Index, abbreviated as the Q-system, is used. The Q-

system was originally developed in the 70s in Norway. The calculations are based on over 1000 

excavations in different rock materials, and has since been expanded. (Norges Geotekniske 

Institutt, 2015) 

The equation of the Q-system is composed of three different ratios. 

- Relative block size 

- Relative frictional strength (If there are several joint sets, the worst one is used.) 

- Active stress 

The complete formula is given by Equation 4. 
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𝑄 =
𝑅𝑄𝐷

𝐽𝑛
×
𝐽𝑟
𝐽𝑎
×

𝐽𝑤
𝑆𝑅𝐹

(4) 

The first parameter consists of RQD and Jn. RQD is short for Rock Quality Designation and is 

a simple way of denoting the quality of a rock mass. RQD is the sum of all pieces longer than 

10cm of a drill core divided by the total length of the drill core. The RQD value then is divided 

with Jn. Jn is the joint set number, which describes if the rock mass is massive, have different 

joint sets, or even is crushed. (Norges Geotekniske Institutt, 2015) 

The second parameter describes the frictional strength of the rock mass by using the terms Jr and 

Ja. Jr is the joint roughness number, describing whether the joints are rough or smooth, the 

rougher, the better. Ja, the joint alteration number tells whether the joints have fillings of sand, 

silt, or even clay. (Norges Geotekniske Institutt, 2015) 

The third and last parameter consists of Jw, joint water and pressure reduction factor, and SRF, 

stress reduction factor-rating for faulting, strength/stress rations in hard massive rocks, and 

squeezing and swelling rock. For Jw the less inflow of water the better. The best-case scenario 

for the stress reduction factor is when the surrounding rock mass is in a high or medium stress 

condition with a tight structure. (Norges Geotekniske Institutt, 2015) 

The value of Q ranges between 0.001 and 1000, the higher the value is, the better is the rock 

mass quality. Depending on the value, the rock mass is divided into three different groups (and 

then into sub-groups) according to Table 1. (Norges Geotekniske Institutt, 2015) 

Table 1. Classification according to the Q-system. 

Q Group Classification 

10-40 1 Good 

40-100 1 Very Good 

100-400 1 Extremely Good 

400-1000 1 Exceptionally Good 

0.10-1.0 2 Very Poor 

1.0-4.0 2 Poor 

4.0-10.0 2 Fair 

0.001-0.01 3 Exceptionally Poor 

0.01-0.0 3 Extremely Poor 
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4.3.3 RMR 

RMR, short for Rock Mass Rating, was developed by Bieniawski in the early 70s and consists 

of five parameters. These five parameters are: 

- Uniaxial compressive strength 

- RQD 

- Joint distance 

- Joint condition 

- Groundwater conditions 

Each parameter is awarded points according to table values, the points are then added together 

to a value between 0 and 100, where 100 is the best and 0 is the worst. There is also a sixth 

parameter for unfavourable joint directions that will remove points. (Nordlund, Rådberg, & 

Sjöberg, 1998) 

The uniaxial compressive strength can at most give 15 points, RQD at most 20 points, joint 

distance 30 points, joint condition 25 points, and groundwater conditions at most 10 points. 

(Nordlund, Rådberg, & Sjöberg, 1998) A full overview of the RMR classification is shown in 

Figure 3. 

 

Figure 3. RMR classification 
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5 ROCK MECHANICAL TESTS 
In this chapter, the rock mechanical tests will be introduced. The first part of the chapter will 

briefly talk about the nature of rock mechanical tests and the availability of samples, as well as 

how the test methods were chosen. The second part describes all the methods used, both in 

general and how they were used in this thesis. 

5.1 The purpose of the rock mechanical tests 

The purpose of the rock mechanical tests in this thesis is mainly to compare different test meth-

ods. Little effort has been made to draw any conclusions about the average strength of the rock 

from the different sites. 

Since testing the strength of a core will destroy it the same core bit cannot be used for more than 

one test. Unlike for example steel, rock cores are “by design” different from each other in struc-

ture. These factors substantially limit the preciseness of the tests. 

The mission of this project has been to test cores from all the different mining sites. Since the 

available resources have been limited the number of tests per method and mine have been limited 

as well. A testing scheme was formed out of these constraints.  

The tests should be done on all chosen methods on cores from all mines. One continuous 

method should be tested, and compared to an industry standard control method. Cheap point 

load tests should be carried out on the cores remaining after the first two methods have been 

tested. 

5.1.1 Choosing the methods 

As the aim of this project is to find a testing method that uses continuous logging, while at the 

same time is at least only semi destructive the choice was to use scratch testing on several cores. 

Uniaxial compressive strength tests was chosen as a primary control method since this is a very 

precise test method. Since both these methods are costly the rest of the cores is tested using the 

point load test.  

5.2 Point load testing 

The point load test is a simple and cheap way of determining the uniaxial compression strength 

of a rock sample. No special preparations of the specimen are required, thus saving money. 

(Nordlund, Rådberg, & Sjöberg, 1998) 

The specimen is placed between two hardened steel-cones and then the pressure is increased by 

hydraulics until the point of failure, the setup is shown in Figure 4. (Alm, 1985) 
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Figure 4. Setup of a point load test. 

A special point load-index, 𝐼𝑠 is calculated by Equation 5. 

𝐼𝑠 =
𝑃𝑚𝑎𝑥

𝑑2
(5) 

Where 𝑃𝑚𝑎𝑥 is the load at failure in Newton and 𝑑2 is the diameter squared of the specimen. 

(Alm, 1985) 

The uniaxial compressive strength may then be calculated by Equation 6. 

𝜎𝑐 = (14 + 0.175𝑑)𝐼𝑠 (6) 

Where d is equal to the diameter of the specimen. (Nordlund, Rådberg, & Sjöberg, 1998) 

5.2.1 The specimens 

It was decided to test all core bits suitable for testing after the cores for the other tests had been 

selected. No special preparations were needed. A total of 30 specimens from Kittilä, 62 from 

Kiruna, 22 from Kristineberg, and 35 from Garpenberg were tested. The cores from Malmberget 

were deemed unfit for tests since they were to porous and broke without any load being applied. 

5.2.2 Preparations and testing 

No special preparations are needed for the point load test. All specimens were measured, both 

length and diameter were measured. Each specimen was photographed, both before and after 

testing. The specimens were placed so that the steel-cones would press against the centre of 

gravity of the specimen. Loading was increased so that most failures occurred after 20-30 seconds 

after loading began.  
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After failure, it was made sure that the failure was valid. An invalid failure is when the specimen 

is for example only chipped. A chart of valid and invalid failures is shown in Figure 5. (Padhi, 

2014) 

 

Figure 5. Valid and invalid results of a point load test. (Padhi, 2014) 
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5.2.3 After the testing 

After the test specimen had failed it was photographed and made sure that the test was valid. The 

force needed to achieve the failure was noted and stored together with the cores measurements 

before failure. The compressive strength was calculated using equation 6. A typical failure 

achieved can be found in Figure 6. All data from the point load tests can be found in Appendix 

A. 

 

Figure 6. Valid point load test on a core from Kittilä 
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5.3 Uniaxial compression testing 

The uniaxial compression test is a test used to determine the uniaxial compression strength in a 

rock sample. The sample is cylindrical and the ends are cut and polished to ensure that they are 

parallel to each other. The test is conducted in a servo-hydraulic press with a load capacity of up 

to 4500kN. Cylindrical plates of steel is placed at the ends of the rock sample, these steel plates 

needs to be of high quality and of a diameter that is the same, or up to 2mm wider than the rock 

sample. The bottom steel plate has a spherical seat added to it. The load is then increased at a 

rate of about 0.5-1.0 MPa/s until a failure occurs. At least five tests from the same type of rock 

should be made.  A schematic presentation is shown in Figure 7. (Alm, 1985) 

 

Figure 7. Description of UCS test. (RISE Research Institutes of Sweden, 2017) 

The compressive strength of the specimen is calculated by Equation 7. 

𝜎𝑐 =
4𝑃𝑚𝑎𝑥

𝜋𝑑2
(7) 

Where 𝑃𝑚𝑎𝑥 is the load at failure in Newton and 𝑑2 is the diameter squared of the specimen. 

(Alm, 1985) 

 

5.3.1 Preparations and testing 

Due to limited amount of drill cores and budget constrains it was not possible to do five tests of 

each rock type from every mine. No cores from Malmberget could be tested either, since these 

cores were slabbed. Three cores each from Garpenberg, Kiruna, Kittilä and Kristineberg were 

tested. After selection all the preparations and testing was handed over to Complab at LTU. The 

decision to hand over testing to Complab was taken in conjunction with the author, Complab, 
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and the project supervisor. Main reason for this decision was due to the fact that UCS testing 

demands specialized training in order to perform a valid test result. 

 The preparations started with the cutting of the specimens, thereafter it was made sure that the 

ends were parallel according to the regulations. Each specimen was also weighted so that the 

density could be calculated.  

During testing each specimen was constantly monitored and measured every 1/10th of a second. 

Failure of each specimen happened between 40s and 9½ minutes.  

5.3.2 After the testing 

The test results that were retrieved from Complab included the diameter, length, weight, paral-

lelity, and maximum load of each specimen. The compressive strength has thereafter been cal-

culated. A data log showing the increase in load over time until failure was also given. Data from 

the UCS tests can be found in Appendix B. 

5.4 Scratch testing 

Scratch testing of rock samples is a relative new test method, being developed in the US in the 

late 1990’s. (United States Patent No. 5,670,711, 1997) 

Scratch testing is a semi-destructible test method. The specimen is placed on a movable table, 

cores up to about 1m can be tested. A steel cutter is travelling along the core and making a grove 

in the core sample. The cutter travels at constant depth, d, and velocity, v. The forces acting on 

the cutter, both tangential and longitudinal, are being constantly monitored. A schematic of the 

forces acting on the cutter tool is presented in Figure 8. (Germay, et al., 2015) 

 

Figure 8. Forces on the cutting tool. (Richard, Dagrain, Poyol, & Detournay, 2012) 

Both the hardness of the rock material and the depth of the cut play a huge role in how the 

specimen will deform. If the rock is relatively soft, or if the cut is shallow, the rock will be 

sheared. If the opposite is true for the rock material, the break will be brittle and larger chunks 

of rock will be removed at once. For measuring uniaxial compressive strength, a shallow cut 

resulting in shearing of the rock is required. The brittle failure mode is used to measure fracture 

toughness. (Richard, Dagrain, Poyol, & Detournay, 2012) 
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 Three different parameters make up the force acting on the cutter. These are the intrinsic spe-

cific energy, denoted 𝜀. This is equal to the energy required to cut a given volume of rock. It 

does not account for any friction on the cutting tool. (Germay, et al., 2015) 

  The inclination of the force on the face of the cutter, denoted ζ. It is calculated by Equation 8. 

(Richard, Dagrain, Poyol, & Detournay, 2012) 

ζ = tan(θ + ψ) (8) 

Where θ is the angle of the cutter face and ψ is the angle between the force and the normal of 

the cutting face, lastly the friction coefficient along the bottom flat surface, denoted μ. 

There are two different forces acting on the cutter, Fc and Ff. Fc acts on the cutter face and Ff is 

the force from the friction on the bottom side of the cutter. Both forces have a component in 

the direction of the cut as well as a normal force, these are denoted by the subscripts s and n. 

Combining both components of the total force gives the relationship shown in Equation 9. 

(Richard, Dagrain, Poyol, & Detournay, 2012) 

Fs = ε(1 − μζ)wd + Fn (9) 

Where w and d is the width and depth of the cut respectively. 

5.4.1 Determining UCS 

Over 300 specimens of different rock material were tested at various institutions across the globe 

in order to find a correlation between the intrinsic specific energy, ε, and the uniaxial compres-

sive strength, denoted q, of the specimen. (Germay, et al., 2015) The results of these tests are 

presented in Figure 9.  
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Figure 9. Correlation between specific energy and compressive strength for softer rocks. 
(Germay, et al., 2015) 

As can be seen from the figure above, the intrinsic specific energy and the uniaxial compressive 

strength is interchangeable one-to-one. It was mostly limestones and sandstones that were tested, 

implying the method is more practical for testing softer and more porous materials. 

5.4.2 Testing 

A total of 20 cores, 4 from each mine, was selected for testing. Even though no other tests could 

be carried out on the cores from Malmberget it was decided to test some of those cores with the 

scratch test to see if any results could be obtained. Since no expertise, nor the correct equipment 

existed nearby these were sent to the company EPSLOG in Belgium. Due to poor goods han-

dling one core from Kittilä broke during transport and thus was not tested. In total nineteen 

cores were tested, four each from Garpenberg, Kristineberg, Malmberget, and Kiruna, as well as 

three cores from Kittilä. One of the Malmberget cores had a completely different mineralogy 

and since no other tests were carried out on Malmberget cores this core was dropped from the 

analysis as it added nothing of interest.  

The selection of cores was done in such a manner that all different types mineralogy from each 

mine would be put through testing. Each core was photographed and had its length measured 

before being packaged for transportation. 

The tests were carried out at EPSLOGs facilities in Liège, Belgium in the beginning of June 

2016. Since the cores generally were of very hard rock many cores had to scratched more than 

once in order to get a result. 
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5.4.3 After the tests 

The results from the scratch tests were delivered from EPSLOG in the form of a small report. 

The report contained data logs, graphs, and pictures of all cores tested. Especially the graphs and 

data logs proved to be of great importance during the analysis of the cores. The data logs had a 

resolution of one data point per centimetre. An example of the graphs and the state of the core 

after the test can be seen in Figures 10 and 11. Note the segments that couldn’t be measured. 

 

Figure 10. Logged graph of a core from Garpenberg. 

 

Figure 11. Core from Garpenberg with the grove visible. 

All graphs and pictures from the scratch test, including before pictures, can be found in Appendix 

C.  
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6 STATISTICAL METHODS 
In this chapter, the methods used for analysing the results from the rock mechanical tests are 

described. It has been decided to use statistics to describe the differences between samples and 

test methods.  

6.1 Statistical variables 

Several different variables have been extracted from the rock mechanical tests. 

6.1.1 Mean value 

The mean value is calculated by taking the sum of all observed test values and dividing them by 

the number of test values, as can be seen in Equation 10. (Vännman, 2002) 

�̅� =
𝑥1 + 𝑥2 +⋯+ 𝑥𝑛

𝑛
(10) 

Where �̅� is the mean value, 𝑥1 to 𝑥𝑛 are the test values and 𝑛 is the number of test values. 

6.1.2 Standard deviation and variance 

Standard deviation and variance are used to describe the spread of the test variables. The variance 

is the average difference from the mean squared, denoted s2. The formula for the variance is as 

follows in Equation 11. (Vännman, 2002) 

𝑠2 =
1

𝑛 − 1
∑(𝑥𝑖 −𝑚)2
𝑛

𝑖=1

(11) 

To get the spread in the same dimension as the mean value the standard deviation, denoted s, is 

used. The standard deviation is the square root of the variance. (Vännman, 2002) 

6.1.2.1 Standard error 

The standard error is deviated from the standard deviation and describes how well the mean 

value of the data sets describes the whole population. The more data points a set contains, the 

lower the standard error is. The standard error is defined as the standard deviation divided by the 

square root of the number of data samples, as expressed in the equation below. (Vännman, 2002) 

6.1.2.2 Confidence interval 

A confidence interval is the interval in which a data point of a data set is likely to exist. A typical 

confidence interval includes 90, 95, or 99% of the distribution. In other words, an 90% confi-

dence interval means that there is a 10% probability of the observed data point to be outside the 

distribution. (Yale University, 1997)                                        

6.2 T-test 

The t-test is a statistical method used to test if two sets of data really are different. There are a 

few different variants of the t-test, but in this case only the unequal variance t-test, also known 

as The Welsh test, has been used. The unequal variance t-test is used when testing two separate 

data sets against each other and their variance differs. (Ruxton, 2006) In the case of this project 

one data set is one of the test methods for each mine, giving a total of three data sets per mine. 
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Since each data set is tested against each other a total of three tests per mine is required. Each 

test contains two parts, an interval estimation with a confidence interval, and a t-value. 

The T-tests have been calculated using the program “Minitab”, data logs from Minitab can be 

found in Appendix D. 

6.2.1 Degrees of freedom, t-value and p-value 

Degrees of freedom describes how many values of a population can vary. Generally, the degrees 

of freedom will go down by one for every test variable. If a population of 20 values were to have 

a given mean the first 19 values can be anything, but the last value must be a specific value for 

the mean, or as it’s also known the null hypothesis to hold true. Therefore, that example have 

19 degrees of freedom. (Runkel, 2016) 

A t-value is a test statistic. In a t-test it is always assumed that the null hypothesis, in this case that 

the two test methods share a mean, is true. The t-value of 0 would indicate that the calculated 

difference is none, i.e. equal to the null hypothesis. The t-distribution does remind of a normal 

distribution in shape. A t-value higher or lower than zero indicate a difference between the test 

data and the null hypothesis. (Frost, Understanding t-Tests: t-values and t-distributions, 2016) 

In this thesis, with two populations of different sizes the degrees of freedom are calculated with 

Equations 12 and 13. 

𝑑𝑓 =
(
1
𝑛1

+
𝑢
𝑛2
)
2

1
𝑛1
2(𝑛1 − 1)

+
𝑢2

𝑛2
2(𝑛2 − 1)

(12) 

where  

𝑢 =
𝑠2
2

𝑠1
2

(13) 

The degrees of freedom are then used, together with the chosen confidence interval, to get a 

table t-value, known as 𝜆𝛼 2⁄ . A t-table can be found in Appendix E. 

The t-value calculated and compared with the table t-value. If the absolute value of t is greater 

than the table t-value the null hypothesis is dismissed. (NIST/SEMATECH, 2013) 

t is calculated with Equation 14. 

𝑡 =
𝜇1 − 𝜇2

√
𝑠1
2

𝑛1
+
𝑠2
2

𝑛2

(14)

 

The p-value is tightly linked to the t-value. The p-value is the probability that the null hypothesis 

is true with the t-value achieved. For example, a p-value of 0.02 would indicate that there is a 

2% chance of the null hypothesis being true with the t-value achieved, due to sampling error. 

(Frost, How to Correctly Interpret P Values, 2014) 
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6.2.2 Interval estimation  

Another test done at the same time is the interval estimation test. By using the confidence inter-

val, in this thesis 90%, degrees of freedom, and 𝜆𝛼 2⁄  together with the means of the two methods 

tested an interval is given. If the interval contains zero the null hypothesis cannot be dismissed. 

(Vännman, 2002) The formula for the interval is described by Equation 15. 

�̅� − �̅� − 𝜆𝛼 2⁄ √
𝑠1
2

𝑛1
+
𝑠2
2

𝑛2
, �̅� − �̅� + 𝜆𝛼 2⁄ √

𝑠1
2

𝑛1
+
𝑠2
2

𝑛2
(15) 
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7 RESULTS AND ANALYSIS 
In this chapter, the test results from the various rock mechanical test will be presented. The 

results are presented per mine.  A mean for each test type from each mine will be used. All results 

are analysed by the methods described in chapter 5 of this thesis. 

7.1 Kittilä 

7.1.1 Compressive strength tests 

All data points from the compressive strength tests on the specimens from Kittilä are found in 

Figure 12. The plot consists of three UCS tests, 30 point load tests, and 52 data points from three 

cores tested with the scratch method. 

 

Figure 12. Plotted results of the cores from Kittilä 

A visual analysis concludes that the UCS tests are grouped within reason of each other. Their 

results range between about 60 MPa and 110 MPa. Most of the point load tests are between 50 

and 140 MPa. However, there exist outliers as low as about 20 MPa and several outliers up to 

300 MPa. 
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The scratch tests are centred much higher, with the bulk of the results found between 150 and 

250 MPa. A single outlier exists around 130 MPa, several outliers exist between 250 and 300 

MPa as well. 

The calculated standard deviation on the tests from Kittilä can be found in Table 2. 

Table 2. Mean values and standard deviation, Kittilä. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 89.12 19.44 

Point Load 30 118.98 67.74 

Scratch 3 206.93 34.74 

The UCS test show the lowest mean and standard deviation. The point load test returns a mean 

that falls between UCS and scratch, while the standard deviation is much greater. This is to be 

expected though since the number of specimens are higher. The scratch test once again shows a 

much higher mean value, while the standard deviation falls between the UCS and point load 

tests. 

7.1.2 Statistical analysis 

The means were tested with the t-test at 90% confidence interval, as described earlier in the 

methodology part describing statistical tests. The results from the statistical analysis are presented 

in Table 3. 

Table 3. Calculated statistical values, Kittilä. 

Test Mean difference (MPa) Interval estimation 𝝀𝜶 𝟐⁄  t-value p-value 

UCS-PL -29.86 (-60.92; 1.20) 1.860 -1.79 0.1116 

UCS-Scratch -117.8 (-153.57; -82.14) 2.920 -9.65 0.0106 

PL-Scratch -87.94 (-110.34; -65.55) 1.684 -6.63 <0.0001 

The 𝜆𝛼 2⁄  is bigger than the absolute value of the t-value for the UCS vs point load test, the 

interval also includes zero. This means the null hypothesis cannot be dismissed. However the p-

value is still only slightly above 11%. 

For UCS vs scratch and point load vs scratch the difference between the means are very large. 

The absolute value of the t-values are vastly over 𝜆𝛼 2⁄  for the respective test. This is also reflected 

by the difference that doesn’t include zero and the very low p-values. This means that the hy-

pothesis is dismissed in both cases.  

7.1.3 Using only low strength data points from the scratch test 

Unlike both UCS and point load testing the scratch test is continuous, meaning that it returns 

multiple data points from each core. Thus, the scratch test will include data from the core where 

the strength is very high. This will possibly result in higher means than with UCS and point load 

tests. Therefore, a new mean, calculated using the lowest data point every 5cm along the core, 

have been calculated and presented. 

The mean strength given by the scratch test was about 132% than by UCS, and about 74% 

higher than point load testing. With only the lower values used the results are as follows from 

Table4. 
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Table 4. Low strength analysis, Kittilä. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 89.12 19.44 

Point Load 30 118.98 67.74 

Scratch 3 175.38 27.98 

Out of the 52 data points 9 were used in the updated results. The mean value fell by just over 

30 MPa, and the standard deviation fell by 6,8 MPa. 

The scratch test still delivers the highest mean value, 97% above the UCS and 47% above the 

point load test. The standard deviation suggests that the mineralogical differences between the 

cores tested aren’t significant. However, the difference between the UCS and scratch test results 

suggest that either the cores have different properties or the method provide vastly different 

results. 

7.1.4 Analysis of the scratch test cores 

Since the results from the scratch test show a much higher mean value, as well as a very high 

standard deviation even after using only the lower data points the decision to investigate the 

mean and standard deviation for each core. For this test, all data points from each core are used. 

The results are presented in Table 5. 

Table 5. Core analysis of the scratch test, Kittilä. 

Core Data points Mean (MPa) Standard deviation (MPa) 

1 11 189.20 25.62 

2 24 196.78 22.63 

3 17 232.72 40.29 

As can be seen the standard deviation for core number 3 is very high, suggesting changing geo-

logical properties along the core. Core number 3 also has a higher mean value than core number 

1 and 2, which are very much alike in both mean and standard deviation. It would have been 

interesting to see if the core that broke during transport would be more alike to core 1/2 or core 

3. 
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7.2 Kiruna 

7.2.1 Compressive strength tests 

All data points from the compressive strength tests on the specimens from Kiruna are found in 

Figure 13. The plot consists of three UCS tests, 62 point load tests, and 62 data points from four 

cores tested with the scratch method. 

 

Figure 13. Plotted results of the cores from Kiruna. 

A visual analysis concludes that the three UCS tests are spread out 140-150 MPa apart between 

about 150 and 450 MPa. 450 MPa is a very high strength for rock material. The point load tests 

are also very spread out, with the lowest value at about 50 MPa and the highest at about 400 

MPa, though the second highest is at about 340 MPa. The point load test seems evenly distrib-

uted between about 50 and 180 MPa, as well as between about 200 and 300 MPa. 

The scratch test is concentrated between about 100 and 170 MPa, with outliers as high as 250 

MPa. The fact that the scratch test returns a lower mean is unique for Kiruna in this study. 

The calculated standard deviation on the tests from Kiruna can be found in Table 6. 

0

50

100

150

200

250

300

350

400

450

500

M
p

a

Kiruna

UCS Point load Scratch



RESULTS AND ANALYSIS 

 

29 

 

Table 6. Mena values and standard deviation, Kiruna. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 303.66 142.41 

Point Load 62 189.73 79.96 

Scratch 4 138.99 31.50 

Both the UCS and point load tests show very high mean values as well as huge standard devia-

tion. Kiruna is known to have very hard rock, but some of the values were found to be very 

high, up towards 500 MPa. With a standard deviation so high it is very difficult to make any 

clear assumptions. 

The results from the scratch test are much lower, both mean and standard deviation. Kiruna is 

the only mine were the results from the scratch tests have a lower mean value than the other 

methods. EPSLOG noted that the Kiruna cores were very hard and that their cutting tool wore 

out much quicker than usual. It is possible that this may have influenced the test results. 

7.2.2 Statistical analysis 

The means were tested with the t-test at 90% confidence interval, as described earlier in the 

methodology part describing statistical tests. The results from the statistical analysis are presented 

in Table 7. 

Table 7. Calculated statistical values, Kiruna. 

Test Mean difference (MPa) Interval estimation 𝝀𝜶 𝟐⁄  t-value p-value 

UCS-PL 113.93 (-127.97; 355.83) 2.920 1.38 0.3028 

UCS-Scratch 164.67 (-75.70; 405.03) 2.920 2 0.1834 
PL-Scratch 50.74 (32.55; 68.92) 1.660 4.64 <0.0001 

Once again, it is very difficult to draw any real conclusions from the Kiruna tests. Both tests 

involving UCS have 𝜆𝛼 2⁄  values over the corresponding t-values, both intervals also include 

zero. However, both intervals are vast, which is due to the UCS values being so few and so 

spread out. Yet the null hypothesis cannot be dismissed in any of the two tests. 

The t-value for the point load vs. scratch test is much larger than the corresponding 𝜆𝛼 2⁄ . The 

interval is only on the positive side, and that by a margin. The p-value is less than 0.0001. The 

null hypothesis is dismissed. 

7.2.3 Using only low strength data points from the scratch test 

Unlike both UCS and point load testing the scratch test is continuous, meaning that it returns 

multiple data points from each core. Thus, the scratch test will include data from the core where 

the strength is very high. This will possibly result in higher means than with UCS and point load 

tests. Therefore, a new mean, calculated using the lowest data point every 5cm along the core, 

have been calculated and presented. 

The Kiruna samples showed the opposite of the expected turnout, yet it was decided to do a 

further analysis using the lower values. 



RESULTS AND ANALYSIS 

 

30 

 

The mean of the UCS test was almost 120% higher than for the scratch test, and the mean for 

the point load test about 37% higher than for the scratch test. The results with only the lower 

data points used for the scratch test are found in Table 8. 

Table 8. Low strength analysis, Kiruna. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 303.66 142.41 

Point Load 62 189.73 79.96 

Scratch 4 118.94 17.53 

Out of the 61 data points in the scratch test, 14 were used in the updated results. The data for 

the UCS and point load tests remain unchanged. The mean fell by 20 MPa, and the standard 

deviation by 14 MPa. 

The standard deviation for the Kiruna samples have fallen more than is the case for the other 

mines tested. This implies that the mineralogy for the Kiruna samples are more homogeneous. 

At the same time, Kiruna boasts the highest standard deviation for both the UCS and point load 

tests, implying the opposite.  

It is very difficult to draw any real conclusions from the tests on the Kiruna specimens. 

7.2.4 Analysis of the scratch test cores 

To see if there exist further differences among the cores tested by scratch testing the mean and 

standard deviation for each core is investigated. For this test all data points from each core is 

used. The results are presented in Table 9. 

Table 9. Core analysis of the scratch test, Kiruna. 

Core Data points Mean (MPa) Standard deviation (MPa) 

1 16 143.13 18.20 

2 15 115.59 14.46 

3 13 140.04 38.21 

4 17 154.95 36.48 

As can be seen the mean values are pretty even, except for core number 2 which is lower, though 

not exceptionally. More interesting are the high standard deviations for core number 3 and 4. It 

is possible that this is due to the geology, but could also be due to wear on the cutting tool used 

in the test. 
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7.3 Kristineberg 

7.3.1 Compressive strength tests 

All data points from the compressive strength tests on the specimens from Kristineberg are found 

in Figure 14. The plot consists of three UCS tests, 22 point load tests, and 105 data points from 

four cores tested with the scratch method. 

 

Figure 14. Plotted results of the cores from Kristineberg. 

The cores tested by UCS are centred around 50 MPa. The cores used in the point load test has 

a much larger spread, but this is expected as many more cores were tested. The distribution 

seems linear, and centred a bit higher than the UCS tests, the UCS tests fits within the point 

load tests. 

The scratch tests show a different distribution. Three distinct groupings can be found, 100 MPa 

and below, 140 to 175 MPa, and 200 to 230 MPa. Outliers exist just above 50 MPa and 250 

MPa and over. 

The means and standard deviation were calculated and are presented in Table 10. 
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Table 10. Mean values and standard deviations, Kristineberg. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 53.10 6.73 

Point Load 22 68.65 26.26 

Scratch 4 151.68 58.39 

The UCS test returns very low mean values, and all three specimens show similar properties as 

the standard deviation is very low as well. The point load test falls in the middle regarding mean 

value and standard deviation.  

The scratch test returns a much higher mean value. Unlike the other mines, it also returns the 

highest standard deviation. 

7.3.2 Statistical analysis 

The means were tested with the t-test at 90% confidence interval, as described earlier in the 

methodology part describing statistical tests. The results from the statistical analysis are presented 

in Table 11. 

Table 11. Calculated statistical values, Kristineberg. 

Test Mean difference (MPa) Interval estimation 𝝀𝜶 𝟐⁄  t-value p-value 

UCS-PL -15.54 (-27.61; -3.48) 1.771 -2.28 0.04 

UCS-Scratch -98.58 (-110.58; -86.59) 1.734 -14.25 <0.0001 
PL-Scratch -83.038 (-96.38; -69.69) 1.660 -10.37 <0.0001 

The absolute t-value is larger than 𝜆𝛼 2⁄ , though not by a wide margin, for the UCS vs. point 

load test. The interval estimation is all on the negative side. The null hypothesis is dismissed. 

The p-value indicates a 0.04 probability of the null hypothesis being true anyway due to sampling 

error. 

Both tests involving the scratch test have extreme t-values, and interval estimations far in the 

negative. The null hypothesis is dismissed in both cases with little chance of being true due to 

sampling error, since the p-values are less than 0.0001. 

7.3.3 Using only low strength data points from the scratch test 

Unlike both UCS and point load testing the scratch test is continuous, meaning that it returns 

multiple data points from each core. Thus, the scratch test will include data from the core where 

the strength is very high. This will possibly result in higher means than with UCS and point load 

tests. Therefore, a new mean, calculated using the lowest data point every 5cm along the core, 

have been calculated and presented. 

The mean strength given by the scratch test was 185% higher than by UCS, and 121% higher 

than with point load testing.  

When only the lowest data point for every 5cm along the core was used for determining the 

mean in the scratch test the following results, as shown in Table 12 were given. 
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Table 12. Low strength analysis, Kristineberg. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 53.10 6.73 

Point Load 22 68.65 26.26 

Scratch 4 128.59 52.05 

Out of the 104 data points, 21 were used in the updated results. The data for the UCS and point 

load remained unchanged. The mean fell by 23 MPa, and the standard deviation by 6,3 MPa. 

Both the mean value and standard deviation is still very high, especially compared to the UCS 

test. The mean strength from the scratch test is now 137% higher than the UCS, and 87% higher 

than with point load testing. Due to the high standard deviation it is reasonable to suspect large 

differences in the mineralogy between the cores used for the scratch test. At the same time the 

cores used for the UCS test share the same properties, even though they were chosen in a similar 

fashion. 

It is interesting to note however that the point load test, which was carried out on all remaining 

cores that were suitable for testing, delivers a result much more in line with the UCS test. 

7.3.4 Analysis of the scratch test cores 

Since the results from the scratch test show a much higher mean value, as well as a very high 

standard deviation even after using only the lower data points the decision to investigate the 

mean and standard deviation for each core. For this test, all data points from each core are used. 

The results are presented in Table 13 

Table 13. Core analysis of the scratch, Kristineberg. 

Core Data points Mean (MPa) Standard deviation (MPa) 

1 21 91.34 15.41 

2 21 99.18 30.75 

3 34 210.48 42.23 

4 28 164.93 20.91 

As can be seen by the standard deviation the strength varies quite a bit within each core. Core 

one and two are considerable weaker than both core three and four. Core three has a mean that 

is about four times as high as the mean from the UCS tests.  
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7.4 Garpenberg 

7.4.1 Compressive strength tests 

All data points from the compressive strength tests on the specimens from Garpenberg are 

found in Figure 15. The plot consists of three UCS tests, 35 point load tests, and 95 data points 

from four cores tested with the scratch method.

 

Figure 15. Plotted results of the cores from Garpenberg. 

A visual analysis conclude that the cores tested by UCS are divided into two groupings, with 

two cores at about 60 MPa and one core at 100 MPa. The cores tested by point load are spread 

over a large span, ranging from about 30 MPa and upwards to 230 MPa. A larger spread is 

expected as the number of cores tested is much larger, however this spread is substantial.  

The scratch test, which plots all individual data points from the four cores tested, range from 

about 60 MPa up to 230 MPa. The spread is pretty evenly distributed in the interval 100 to 220 

MPa, suggesting that the mean value will be higher than for the other methods. 

The mean values and standard deviation were calculated and are presented in Table 14. 
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Table 14. Mean values and standard deviations, Garpenberg. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

UCS 3 80.10 15.82 

Point Load 35 102.62 57.95 

Scratch 4 150.60 39.58 

 

The standard deviation for the UCS test is quite low, at the same time it also has the lowest 

mean value. The scratch test delivers a vastly higher mean value, while the standard deviation is 

reasonable, for the number of data points. The point load test gives a mean value in the middle, 

though the standard deviation is very high. This could be explained through the fact that the 

number of different specimens are much higher for this method. It could also be a cause of 

varying mineralogy. 

7.4.2 Statistical analysis 

The means were tested with the t-test at 90% confidence interval, as described earlier in the 

methodology part describing statistical tests. The results from the statistical analysis are presented 

in Table 15. 

Table 15. Calculated statistical values, Garpenberg. 

Test Mean difference (MPa) Interval estimation 𝝀𝜶 𝟐⁄  T-value P-value 

UCS-PL -22.52 (-47.43; 2.38) 1.860 -1.68 0.1312 

UCS-Scratch -70.5 (-99.80; -41.21) 2.920 -7.03 0.0197 
PL-Scratch -47.98 (-65.84; -30.12) 1.680 -4.51 <0.0001 

The UCS vs. point load test shows a t-value slightly lower than 𝜆𝛼 2⁄ , the interval estimation also 

just includes zero, meaning the null hypothesis cannot be dismissed. 

For both tests involving the scratch test the t-value is larger than 𝜆𝛼 2⁄ , both interval estimations 

are in the negative as well. The p-values are very low or extremely low. The null hypothesis is 

dismissed. 

7.4.3 Using only low strength data points from the scratch test 

Unlike both UCS and point load testing the scratch test is continuous, meaning that it returns 

multiple data points from each core. Thus, the scratch test will include data from the core where 

the strength is very high. This will possibly result in higher means than with UCS and point load 

tests. Therefore, a new mean, calculated using the lowest data point every 5cm along the core, 

have been calculated and presented. 

The mean strength given by the scratch test was almost 90% higher by scratch testing than by 

UCS, and almost 50% higher with scratch testing than point load testing. With only the lower 

values used the results are as follows from Table 16. 

 

Table 16. Low strength analysis, Garpenberg. 

Method Specimens Mean (MPa) Standard deviation (MPa) 
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UCS 3 80.10 15.82 

Point Load 35 102.62 57.95 

Scratch 4 134.77 37.11 

Out of the 96 data points 20 were used in the second round from the scratch test, the UCS and 

point load test use the same data as previously. The mean fell by 16 MPa, and the standard 

deviation by 2,4 MPa.  

The scratch test still delivers the highest mean value, but the standard deviation is the most 

surprising about the result. Even though only the lower values for each core were used the 

standard deviation remains high. Differences in the mineralogy between the tested cores is the 

most probable cause. This also explains the high standard deviation for the point load test, as 

noted earlier. 

7.4.4 Analysis of the scratch test cores 

Since the results from the scratch test show a much higher mean value, as well as a very high 

standard deviation even after using only the lower data points the decision to investigate the 

mean and standard deviation for each core. For this test, all data points from each core are used. 

The results are presented in Table 17. 

Table 17. Core analysis of the scratch test, Garpenberg. 

Core Data points Mean (MPa) Standard deviation (MPa) 

1 27 109.28 22.75 

2 20 134.23 14.32 

3 29 158.41 22.84 

4 18 206.16 12.46 

The mean values get progressively higher for each core, while the standard deviation seems 

reasonable for rock material. The differences in mean values supports the thesis of geological 

differences in the specimens tested. The lowest mean value is still a lot higher than the lowest 

means from both the UCS and point load tests. 
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7.5 Malmberget 

Scratch testing was performed on four cores from Malmberget. It was decided to leave one core 

out of the analysis as it consisted of host rock while the other were ore. At the time of core 

selection it was still not certain whether other tests on Malmberget cores could be done. All 

individual data points are plotted in Figure 16. The plot consists of data points from the three 

specimens. 

 

 

Figure 16. Plotted results of the cores from Malmberget. 

A visual analysis concludes that there are three main groupings, one between 30 and 50 MPa, 

one between 90 and 120 MPa, and one between 150 and 180 MPa. Most of the results are in 

the middle group. No comparison against UCS or point load tests can be done since the cores 

were slabbed and to porous to be tested with point load. 

The mean values and standard deviation were calculated and are presented in Table 18. 
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Table 18. Mean value and standard deviation, Malmberget. 

Method Specimens Mean (MPa) Standard deviation (MPa) 

Scratch 3 96.08 45.24 

The standard deviation is very high compared to the mean value. No statistical comparison can 

be made since only scratch testing was done on the specimens from Malmberget.  

7.5.1 Analysis of the cores 

Since the standard deviation was very high, it was decided to investigate each core further. All 

data points are used. The mean value and standard deviation for each core is presented in Table 

19. 

Table 19. Core analysis of the scratch test, Malmberget. 

Core Data points Mean (MPa) Standard deviation (MPa) 

1 7 41.43 7.83 

2 5 103.75 11.88 

3 9 134.34 26.53 

As can be seen from the table core number 1 has a much lower mean than the other two 

cores. It is not clear as to why this is the case, since all cores are of the same type. The number 

of data points on each core is also much lower compared to the other sites. This is simply due 

to the cores being much shorter in length. 
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8 DISCUSSION 
In this chapter, some questions that arose during the project are discussed, including some of the 

decisions taken. 

8.1 About failure modes 

In chapter three different failure modes for rock cores were briefly described. These failure modes 

are relevant when the core is tested conventionally, by for example UCS or a tri-axle test. How-

ever, since the scratch test only applies force on a small section of the core, and pulverise the 

rock with cutting tool. Therefore, the assumption that the conventional failure modes doesn’t 

apply to the scratch test can be made. This could be a reason for the, generally, higher strength 

values achieved with the scratch test. 

8.1.1 Assumption made of the Scratch test strength 

In the analysis, an assumption was made regarding the compressive strength given by the scratch 

test. The assumption was that, since “no chain is stronger than its weakest link”, for the scratch 

test which is a continuous method parts of the core with strong rock would affect the results in 

such a way that the results would be higher compared to other tested methods.  

Therefore, it was decided to see what happens if only the lowest measurements every 5 cm were 

used. This was only done to see how it would affect the results.  

8.2 General about the cores 

8.2.1 Kittilä 

One of the samples sent for scratch testing broke during transport. This translate into 25% test 

data lost for the scratch test, which of course is very unfortunate. However, it is believed that 

this did not substantially change the outcome of the test. 

There information about the mineralogy in the Kittilä cores was generally good. Unfortunately, 

the mineralogy was not taken into great account when doing the analysis, as described later in 

the discussion. 

8.2.2 Kristineberg 

Information on the mineralogy of the samples from Kristineberg exist, however the differences 

in test results shouldn’t be as big as they are due to the way the cores were selected. The results 

from the scratch test proves the differences in mineralogy, two of the cores were returning results 

that was much lower than the other two. The remaining question is why the UCS and point 

load tests didn’t show any signs of the cores having vastly different properties. 

8.2.3 Garpenberg 

No information about the mineral composition or where in Garpenberg the tested cores come 

from. This is of course disappointing as the test results can’t relate to the mineralogy, which in 

the case of Garpenberg would have been beneficial to try and explain the large standard devia-

tion. As it is now only visual confirmation on the differences have been done. 
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8.2.4 Malmberget 

The cores from Malmberget were slabbed, making them unavailable for UCS-testing. They 

were also very porous, since they were of actual ore. Due to this it was also impossible to conduct 

point load tests, the cores broke apart without any load being applied. Despite the lack of testing 

by control methods four cores were sent for scratch testing by EPSLOG. 

The scratch test delivered results, however it is not possible to do an elaborate analysis of the 

results due to the lack of control tests. The results seem promising though, and suggests that the 

scratch test is a flexible strength test capable of providing data when other tests fail to do so. 

8.2.5 Kiruna 

The results from Kiruna, especially the UCS tests, were very inconsistent. While Kiruna is 

known for having very high strength rock the highest recorded results seem excessive. Since the 

cores from Kiruna lacked vital information about them, such as depth, and where in the mine 

they were collected it is difficult to obtain information from tests done on the same rock by 

other people.  

Even if the results are questionable they have been included and analysed in the same manner as 

the other results. Not doing so would not be good research practice. 

8.3 Selection of cores 

The core selection was done on the premises of getting a wide data set and include samples of 

varying mineral composition. Naturally this also means that the results get much harder to analyse 

since the cores compared may have different mineral compositions as well as other differences 

that contribute to the cores strength.  

Ideally all tests should have been done on cores coming from the very same area in the mine. 

And in hindsight it might have been a better idea to do a more thorough investigation on a 

specific core type from one or two mines instead of testing as much as possible from all the 

mines. This method does however have the benefit of getting to try the scratch method on 

various rock materials. If the method were to be used more frequently in the future it must work 

with the numerous different rock materials that exists in the mines. 

8.4 Probable causes for the scratch test results 

As mentioned earlier in the report, since the scratch test is continuous while both UCS and point 

load will cause failure at a specific point along the core. The data points with high values will 

skew the mean results, which would explain the higher total mean in all cases except Kiruna. 

Only a small part of the cross section is tested. This is of course necessary for the test to only be 

semi-destructive. But it also means that the strength of the whole core isn’t tested. Variations in 

mineralisation along the core is probable to cause some of the large variations in strength found 

in some cores. Particular hard minerals found in a small area could be the cause of some of the 

brittle failures that happened on some tested cores.  
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8.5 Limitations of this study 

When doing comparative testing the sample size need to be substantial enough to avoid outliers 

skewing the results. It would be easy to make the argument that the number of tests carried out 

in this project is too low. While that is true, the main aim of the project was to test if continuous 

logging is possible on cores with the mineralogy found in the northern Scandinavian mines. 

Therefore, the choice was made to test a broad spectrum of cores, from different mines. 

This decision of course has a profound effect on the statistical analysis done. The results cannot 

be interpermeated on a “one-to-one” basis, meaning that a direct comparison between a scratch 

test and a UCS test from the same mine is not legitim. Instead the data should be used to highlight 

patterns and point towards further research in the subject. 

8.6 The importance of precise rock strength 

In the beginning of the thesis both RMR and the Q-system for rock support was introduced. It 

then became clear that the actual compressive strength of the rock is only one part that’s taken 

into consideration, and even so the spans for higher strength rock are quite vast.  

In northern Scandinavian rock, where the rock strength generally is very high, other parameters 

such as joints and water flow are of much higher importance than rock strength when designing 

reinforcements.  

8.7 Tests done but not included in the analysis 

Some rock mechanical tests were done that did not make it into the final report. These are the 

Brazilian test that measure the tensile strength of the rock cores, and two instances of soundwave 

tests.  

The Brazilian test was carried out as it required minimal preparations and was done at the same 

time as the point load tests. The idea was to use a conversion factor and get a compressive 

strength factor from the results. While such factors do exist, they are not 100%. Since many point 

load tests were done, in addition to the UCS and scratch tests it was decided to not use the 

Brazilian test in the main comparison. It was also feared that the combination of compressive 

and tensile tests in the same analysis would cause confusion and unnecessary complexity. A brief 

overview of the Brazilian test carried out is found in Appendix F. 

Two tests using ultrasonic soundwaves were carried out. The first of these was carried out at 

LTU in their sound lab. Three cores were tested and it was found that the test did return meas-

urable readings of the sound velocity in the cores. However, analysing the results was found to 

be very time consuming and not comparable with the results from the other tests. Therefore, it 

was decided not to include this test in the report. 

The other ultrasonic test was carried out at EPSLOG on the same cores that the scratch test was 

done. It was not actively decided to do this test, but was rather part of a package deal. While the 

results could be interesting to analyse as they are done on the same cores as the scratch test it was 

decided to not analyse them due to time limitations. Ultrasonic tests have the potential to provide 

interesting statistics, especially since it is possible to do in conjunction with the scratch test. 



DISCUSSION 

 

42 

 

8.8 Other 

At the beginning of the project the intention was to use the information from the geological 

studies in the analysis of the cores. This was not done due to two factors. Firstly, the information 

needed didn’t exist for several of the sites, some effort was put into finding the information. 

Secondly, analysing and applying the available information on the geology would have been 

very time consuming, and considering the limited amount of time for a Master’s thesis along 

with all the other tests and analysing methods it was deemed not feasible. 
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9 CONCLUSIONS 
From the results and analysis, the following conclusions can be drawn: 

9.1 Scratch test 

• Scratch testing makes it possible to test cores that otherwise couldn’t be tested. Such as 

slabbed cores, or cores that were to porous for point load testing 

• The scratch test makes it possible to see the variance of the rock strength at varying core 

depth. 

• The scratch test returned higher compressive strength, between 80% and 180%, com-

pared to UCS tests in three of the four mines where comparative testing was conducted. 

• The scratch test returned higher compressive strength, between 50% and 120%, com-

pared to point load tests in the same three out of four mines where comparative testing 

was conducted. 

• The scratch test still requires complex equipment, but less preparations than UCS tests. 

9.2 General about rock mechanical tests 

• To see which failure mode the core failed to the whole core needs to be loaded. 

• Differences between already established test methods exists. 

• Considering how the compressive strength results are used in, for example, the Q-system 

ultra-precise tests aren’t really necessary. 

9.3 Ideas for further research 

A more concentrated study with scratch testing, featuring hard rock cores is probably needed 

before the method can be put into regular use. The study will need to test upwards of 100 cores 

with scratch test, as well as having a good control group tested by UCS test. Then a scatter plot, 

such as the one seen on page 20 in his thesis can be created and better show the correlation 

between UCS and the intrinsic specific force, as measured in the scratch test, for harder rock 

materials. 

In conjunction with the scratch test the cores were also tested using ultrasonic waves. These 

were not analysed in this thesis, but it is an interesting concept and would be interesting to 

analyse. 
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APPENDIX A 
In this appendix, the strength of all cores tested by point load test are presented. 

Kittilä 

Table 20. Point load tests, Kittilä. 

Core Diameter (mm) Length (mm) Force (kN) Strength (MPa) 

1 39 78 10.9 149.24 

2 39 99 5.8 79.41 

3 39 100 2.9 39.71 

4 39 112 24.7 338.18 

5 39 107 9.5 130.07 

6 39 83 8.0 109.53 

7 39 101 7.25 99.26 

9 39 104 1.4 19.17 

10 39 105 5.1 69.83 

11 39 100 10.1 138.29 

12 39 98 5.8 79.41 

13 39 100 8.7 119.12 

14 39 57 9.425 129.04 

15 39 70 4.35 59.56 

16 39 69 16.675 228.31 

17 39 75 4.35 59.56 

18 39 85 14.5 198.53 

19 39 85 7.25 99.26 

20 39 94 10.15 138.97 

21 39 58 7.975 109.19 

22 39 56 7.975 109.19 

23 39 54 6.525 89.34 

24 39 88 7.25 99.26 

25 39 51 17.4 238.23 

26 39 64 8.7 119.12 

27 39 64 10.15 138.97 

28 39 120 9.425 129.04 

29 39 54 19.575 268.01 

30 39 67 7.25 99.26 

31 39 120 22.475 307.72 
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Kiruna 

Table 21. Point load tests, Kiruna. 

Core Diameter (mm) Length (mm) Force (kN) Strength (MPa) 

1 29 107 22.5 510.33 

2 29 99 14.5 328.88 

3 29 95 10.2 231.35 

4 29 102 11.6 263.10 

5 29 107 12.3 278.98 

1 29 45 10.2 230.22 

2 29 55 10.2 230.22 

3 29 55 9.4 213.77 

4 29 52 11.6 263.10 

5 29 53 11.6 263.10 

6 29 52 8.0 180.88 

7 29 58 12.3 279.55 

8 29 59 15.2 345.32 

9 29 58 3.6 82.22 

10 29 65 4.4 98.66 

11 29 48 2.9 65.78 

12 29 50 18.9 427.54 

13 29 52 18.1 411.10 

14 29 65 6.5 148.00 

15 29 75 10.2 230.22 

16 29 56 12.3 279.55 

17 29 71 9.4 213.77 

18 29 68 12.3 279.55 

19 29 78 7.3 164.44 

20 29 92 10.2 230.22 

21 29 68 11.6 263.10 

22 29 71 14.5 328.88 

23 29 64 12.3 279.55 

24 29 62 13.1 295.99 

25 29 80 14.5 328.88 

26 29 53 13.1 295.99 

27 29 93 8.7 197.33 

28 29 75 15.2 345.32 

29 29 75 13.8 312.44 

30 29 63 13.8 312.44 

31 29 67 16.0 361.77 

32 29 80 15.2 345.32 

33 29 92 13.8 312.44 

34 29 74 14.5 328.88 

35 29 67 4.4 98.66 

36 29 65 14.5 328.88 

37 29 83 10.2 230.22 
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38 29 85 16.0 361.77 

39 29 83 13.8 312.44 

40 29 60 16.7 378.21 

41 29 85 16.0 361.77 

42 29 84 15.2 345.32 

43 29 75 5.1 115.11 

44 29 90 5.8 131.55 

45 29 86 5.1 115.11 

46 29 89 5.1 115.11 

47 29 77 5.8 131.55 

48 29 96 7.3 164.44 

49 29 99 11.6 263.10 

50 29 67 3.6 82.22 

51 29 68 10.2 230.22 

52 29 63 3.6 82.22 

53 29 70 8.0 180.88 

54 29 80 5.8 131.55 

55 29 58 5.8 131.55 

56 29 94 4.4 98.66 

57 29 90 3.6 82.22 
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Kristineberg 

Table 22. Point load tests, Kristineberg. 

Core Diameter (mm) Length (mm) Force (kN) Strength (MPa) 

1 39 91 5.8 79.41 

2 39 90 4.4 60.24 

3 39 93 7.3 99.26 

4 39 74 5.8 79.41 

5 39 94 4.4 60.24 

6 39 81 2.2 30.12 

7 39 81 5.8 79.41 

8 39 114 3.6 49.29 

9 39 60 1.5 19.85 

10 39 6 2.2 29.78 

11 39 50 7.3 99.26 

12 39 50 2.9 39.71 

13 39 90 8.0 109.19 

14 39 113 5.1 69.49 

15 39 122 8.0 109.19 

16 39 44 6.5 89.34 

17 39 102 5.8 79.41 

18 39 100 7.3 99.26 

19 39 85 8.0 109.19 

20 39 83 6.5 89.34 

21 39 68 9.4 129.04 

22 39 103 5.8 79.41 
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Garpenberg 

Table 23. Point load tests, Garpenberg. 

Core Diameter (mm) Length (mm) Force (kN) Strength (MPa) 

1 39 90 3.6 49.29 

2 39 94 18.1 247.82 

3 39 103 5.0 68.46 

4 39 111 7.5 102.69 

5 39 69 7.5 102.69 

6 39 112 4.4 60.24 

7 39 103 13.8 188.94 

8 39 91 2.9 39.71 

1 39 63 17.4 238.23 

2 39 74 5.8 79.41 

3 39 54 3.6 49.63 

4 39 53 2.2 29.78 

5 39 47 16.7 228.31 

6 39 132 7.3 99.26 

7 39 65 8.7 119.12 

8 39 47 4.4 59.56 

9 39 56 12.3 168.75 

10 39 50 7.3 99.26 

11 39 47 9.4 129.04 

12 39 45 8.7 119.12 

13 39 73 5.8 79.41 

14 39 60 5.1 69.49 

15 39 51 4.4 59.56 

16 39 66 4.4 59.56 

17 39 48 2.2 29.78 

18 39 41 2.9 39.71 

19 39 51 16.7 228.31 

20 39 50 16.0 218.38 

21 39 130 10.9 148.90 

22 39 124 10.2 138.97 

23 39 68 5.8 79.41 

24 39 78 9.4 129.04 

25 39 78 10.2 138.97 

26 39 72 8.7 119.12 

27 39 81 14.5 198.53 
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APPENDIX B 
In this appendix, the data from the UCS tests are presented. The table was created by COM-

PLAB, but has been translated. Note that some information is missing from core “Kristineberg 

3” 

Table 24. UCS tests. 

Mine Diame-
ter (mm) 

Length 
(mm) 

Weight 
(g) 

Parallelity 
(+/- 
mm) 

Note Force 
(kN) 

       

Kittilä 1 38.97 81.21 299.85 0.03 
 

110.6 

Kittilä 2 38.81 84.32 277.12 0.03 
 

126 

Kittilä 3 40.39 90.79 337.06 0.01 
 

87.3        

Garpenberg 1 38.58 101.31 328 0.03 
 

84.5 

Garpenberg 2 38.51 98.41 313.35 0.02 
 

114.5 

Garpenberg 3 38.75 98.45 331.33 0.01 
 

82.2        

Kristineberg 1 38.43 95.85 346.65 0.15 Bad parallelity 52.6 

Kristineberg 2 38.65 98.66 318.5 0.01 
 

66.4 

Kristineberg 3 
   

0.06 Somewhat unparallelly 67.3        

Kiruna 1 28.81 72.14 125.52 0.03 
 

287.5 

Kiruna 2 28.71 80.65 142.78 0.01 
 

202.8 

Kiruna 3 28.69 75.89 201.55 0.01 
 

101.3 
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APPENDIX C 
In this appendix, the graphs from the scratch tests are presented. The graphs are put together by 

EPSLOG. 

Garpenberg 

 

Figure 17. Graph of Garpenberg core 1. 

 

Figure 18. Graph of Garpenberg core 2. 

 

Figure 19. Graph of Garpenberg core 3. 

 

Figure 20. Graph of Garpenberg core 4. 
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Kiruna 

 

Figure 21. Graph of Kiruna core 1. 

 

Figure 22. Graph of Kiruna core 2. 

 

Figure 23. Graph of Kiruna core 3. 

 

Figure 24.Graph of Kiruna core 4. 

 



APPENDIX C 

 

55 

 

Kittilä 

 

Figure 25. Graph of Kittilä core 1. 

 

Figure 26. Graph of Kittilä core 3. 

 

Figure 27. Graph of Kittilä core 4. 
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Kristineberg 

 

Figure 28. Graph of Kristineberg core 1. 

 

Figure 29. Graph of Kristineberg core 2. 

 

Figure 30. Graph of Kristineberg core 3. 

 

Figure 31. Graph of Kristineberg core 4. 
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Malmberget 

 

Figure 32. Graph of Malmberget core 1. 

 

Figure 33. Graph of Malmberget core 2. 

 

Figure 34. Graph of Malmberget core 3. 

 

Figure 35. Graph of Malmberget core 4. 
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APPENDIX D 
In this appendix, the data plots from the statistical analysis are presented, the plots are made using 

the program MINITAB. 

Kiruna 
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Garpenberg 
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APPENDIX E 

T-table 

Table 25. T-table. 
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APPENDIX F 

Brazilian test 

The Brazilian test is an indirect method for determining the tensile stress in a rock specimen. 

The specimen is placed between two metal strips, and the upper strip is pushed down on the 

specimen by hydraulics. The setup is shown in Figure 36. 

 

Figure 36. Setup of a Brazilian test. 

 The specimens are prepared so that their thickness is 0.5 times the diameter. The load is in-

creased slowly until failure. The tensile strength is then calculated by Equation 16. 

𝜎𝑡 = 0.636 ∗
𝑃

𝐷
∗ 𝑡 (16) 

Where P is the load at failure in Newton, D is the specimen diameter and t is the thickness of 

the specimen. 

The specimens 

A total of 28 specimens were prepared for the tests. Since the cores from Malmberget were 

slabbed they could not be tested. 

The specimens from Kiruna and Kittilä come from the same drill core, and the specimens from 

Garpenberg and Krisitingeberg comes from two drill cores. The core samples were chosen based 

upon them being an average across the available samples. For Garpenberg and Kristineberg there 

were a small sub-group of different rock material, thus there were more than one core chosen 

from these mines. 
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Preparations and testing 

The specimens were prepared by using a circular saw. The specimens were cut to a thickness of 

0.5 times the diameter, with a maximal deviation of 1 mm. Before testing each specimen was 

photographed, and then photographed again after failure. The load on the hydraulic press was 

increased slowly so that most failures occurred 20-30 seconds after loading began. Notes were 

taken on the thickness, diameter and maximum load of each specimen, in addition to photos. 

After the tests and results 

After the tests, the load at failure was noted and used in equation 16 to calculate the tensile 

strength of the specimen. Pictures of all specimens after failure was also taken. 

At a later stage in the thesis it was decided to not include the results in the main part of the report 

since they didn’t contribute to answering the research questions, as discussed in the discussion 

chapter. The results from all the Brazilian tests are found in Table 26. 

Table 26. Mean values and standard deviations of the Brazilian test. 

Mine Specimens Mean (MPa) Standard deviation (MPa) 

Kristineberg 10 6.54 1.50 

Kiruna 5 12.52 1.49 

Garpenberg 8 14.64 6.63 

Kittilä 5 24.19 3.17 

 

 


