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SUMMARY 

The objectives of this thesis are to examine the virgin stress state and to define stress 

relationships that can be used for regional rock mechanical analyses at the Kiirunavaara mine. 

Earlier evaluations of the stress measurements carried out in the mine have revealed large 

variations with respect to magnitudes and orientations of the stresses. For that reason this 

thesis aims at  (i)  increasing the understanding of stresses in the rock mass and their 

measurements (ii) re-analysing the result of stress measurements in the Kiirunavaara mine and 

(iii) examining the significance of the uncertainty in the state of stress for rock mechanics 

analyses in the mine. 

To increase the understanding of virgin stresses in the rock mass and their measurements, 

literature review and numerical analyses have been carried out. Variations in the measured 

stress state due to factors such as heterogeneities, stiffness variations, residual stresses, 

topography, anisotropy and scale effects are explained. 

The result of the re-analysis shows that the scatter in magnitude and orientations of the 

principal stresses is still large, despite excluding measurements disturbed by mining induced 

stresses. Therefore, the variations can be related to measuring errors and influence of 

geological factors. To be able to make an interpretation of the stress state at Kiirunavaara 

different stress indicators were studied. In addition, the measured stresses were compared to 

the stress state in Fennoscandia as well as to a model of the stress in the Earth crust. 

The large scatter among the measured orientations of the principal stresses makes it difficult 

to define stress relationships. From a mathematical point of view, a stress relationship versus 

depth can only be derived from the stress components referred to a coordinate system. On the 

other hand, in an analysis it is often the magnitude of the principal stresses that controls the 

extent of failure in the rock mass. Therefore, regression analyses were used to derive stress 

relationships versus depth, both from magnitude of the normal stress components and from 

magnitudes of the principal stresses despite that the latter is mathematically incorrect. The 

result of the regression analyses showed that the derived stress relationships are 

approximately consistent with the magnitudes of the stresses in Fennoscandia. 

To examine the significance of the uncertainty which is related to the derived stress 

relationships above, analysis using conceptual models of a drift were carried out. The 

significance of the stress variation was compared with the significance of variations in other 

parameters such as the strength and stiffness of the rock mass. The significance was 

quantified by studying the behaviour of the drift using different indicators such as depth of 
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failure and deformations. The input data used for the analyses were based on mappings and 

tests performed in the mine. The results from the analyses show that the variations in stiffness 

and the strength of the rock mass influence the development of failure at least to same extent 

as the variation of the measured stresses. 

Because of the results of the analyses and the use of the stress data in the mine, it is concluded 

that the accuracy of the estimated stress state is good enough to be used as input data for 

regional rock mechanics analyses of the Kiirunavaara mine. Instead of doing more stress 

measurements in the mine, a recommendation to develop a geomechanical model and a rock 

mechanics database are given. By storing, in the database, results from systematic mapping of 

rock mass properties and failure observations with respect to their spatial position, the 

understanding of the rock mass behaviour as function problematical areas in the mine will 

improve. This information may also contribute to increase the knowledge about the virgin 

stress state in the mine. 
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SAMMANFATTNING 

Syftet med denna  rapport  är att undersöka det primära spänningstillståndet och definiera 

spänningssamband som kan användas för regionala bergmekaniska  analyser  i LKAB:s gruva i 

Kiirunavaara. Tidigare undersökningar av resultaten från bergspänningsmätningar som 

genomförts i gruvan  har  visat på variationer både vad gäller magnituder och riktningar på 

spänningarna. På grund av detta  har  rapporten inriktats på att (i) bygga upp  en  grundläggande 

förståelse av spänningar i bergmassan och mätningar av dessa, (ii) genomföra  en  ny analys av 

resultaten från bergspänningsmätningar i Kiirunavaara, och (iii) studera vilken betydelse  en  

osäkerhet i spänningstillståndet  har  för bergmekaniska  analyser  i gruvan. 

För att öka förståelsen av bergspänningar i bergmassan och mätningarna av dessa  har  både  en  

litteratur studie och numeriska  analyser  genomförts. Med hjälp av dessa förklaras hur 

variationer i det uppmätta spänningstillståndet kan uppstå på grund av diskontinuiteter, 

styvhetsvariationer, residuala spänningar, topografi, anisotropi, och skaleffekter. 

Resultaten av  den  nya analysen av bergspänningsmätningarna visar fortfarande på stora 

variationer i magnitud och orientering på huvudspänningarna, trots att mätningar där 

spänningar inducerats av gruvbrytningen tagits bort. Variationerna kan därför hänföras till 

mättekniska fel och påverkan av geologiska faktorer. För att kunna göra  en  tolkning av 

spänningstillståndet i Kiirunavaara  har  både resultaten från mätningarna och olika 

spänningsindikatorer vägts samman.  De  uppmätta spänningarna  har  också jämförts med 

spänningstillståndet i Fennoscandia och  en  teoretisk modell för spänningar i jordskorpan.  

Den  stora spridningen hos  de  uppmätta huvudspänningsriktningarna medför att det är 

komplicerat att definiera spänningssamband. Matematiskt sett kan ett spänningssamband som  

en  funktion av djupet endast härledas från spänningskomponenterna i ett givet 

koordinatsystem. Vid  en  analys är det däremot ofta magnituderna på huvudspänningarna som 

styr brottutvecklingen i berget. Med hjälp av regressionsanalys  har  därför spänningssamband 

härletts från magnituderna på spänningskomponenterna såväl som magnituderna på 

huvudspänningarna, trots att det senare är matematiskt felaktigt.  En  jämförelse av  de  

framtagna spänningssambanden med generella spänningssamband för Fennoscandia visar  en 

god  samstämmighet. 

För att undersöka betydelsen av  den  osäkerhet som finns i  de  framtagna spänningssambanden,  

har  konceptuella  analyser  av  en  ort genomförts. Betydelsen av variationen i spänning  har  

jämförts med betydelsen av variationer i andra parametrar såsom bergmassans hållfasthet och 

bergmassans styvhet. Betydelsen  har  kvantifierats genom att studera beteendet av orten med 



hjälp av olika indikatorer exempelvis brottdjup och deformationer. Indata till analyserna  har  

baserats på  tester  och karteringar som utförts i gruvan. Resultatet från analyserna visar att 

variationer i styvhet och bergmassans hållfasthet  har  minst lika stor betydelse som variationen 

hos  de  uppmätta spänningarna. 

På grund av resultaten från dessa  analyser men  också tillämpningen av spänningsdata i 

gruvan, dras slutsatsen att  de  framtagna spänningssambanden är tillräckliga för regionala 

bergmekaniska  analyser  i Kiirunavaara gruvan. 

Istället för att genomföra ny bergspänningsmätningar i gruvan föreslås att resurser satsas på 

att bygga upp  en  att geomekanisk modell och  en  bergmekanisk databas. Genom att 

sytematiskt kartera bergmassans egenskaper och brottsobservationer med ayseende på dess 

rumsliga  position  och lägga  in  detta i databasen, kan  en  ökad förståelse erhållas om var och 

varför händelser inträffar. På detta sätt åstadkoms också  en  ökad förståelse om 

spänningstillståndet i Kiirunavaara. 
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1 INTRODUCTION 

1.1 Background 

The aim of rock mechanics analyses in a mine is to predict and understand the process of 

failures within the rock mass so that the total costs for the mining company and the risks for 

the personnel are minimized. Figure 1.1 shows the three elements, which control the extent 

and consequences of the failures,  (i)  the geology, (ii) the state of stress and (iii) the mining 

activities. The geology is here defined as the intact rock with its structures (joint, folds, faults, 

intrusions) and is characterized by strength and stiffness of intact rock, joint-parameters such 

as stiffness and strength, water pressures etc. The state of stress is the load acting on the 

structures and originates from the gravitation and tectonics whereas mining activity is all the 

artificial objects that are created in the rock mass. Since the stress state depends on the 

geology and the mining activities in the mine, the failures in the rock mass occur due to a 

complex interaction between the three elements. Furthermore, depending on the 

characteristics of the elements, different types of failures may occur. In order to design 

underground constructions or make prognoses, these characteristics as well as the interaction 

need to be known. This is a challenge for mines to solve. 

Mining Activity Geology State of Stress 

•  

Failures 

Figure 1.1 Simplified scheme of the elements that control the rate and consequences of 

in-situ failures in mines. 

At the Kiirunavaara mine in northern Sweden, owned and operated by Luossavaara-

Kiirunavaara AB  (LKAB),  the knowledge of these elements and their interaction is of greatest 

importance as the preparation for the next generation of underground facilities and the 

development of new mining methods below the current main level is going to be started. 

Thus, one step to a better understanding is to enhance the knowledge about the rock stresses 

in the mine and their interaction with the other elements. 
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During the 80's and 90's,  LKAB  made a large number of rock stress measurements with the 

purpose of determining the relationship between the horizontal and vertical stresses as well as 

to follow up special projects of interest. Measurements were carried out at more than 40 

locations throughout the mine, and more than 300 individual stress measurements were made. 

The results from these had never been compiled or evaluated until recently in a Master Thesis 

by  Sandström  (1999). The result of this evaluation showed a large scatter of the results in 

magnitude as well as direction. 

1.2 Objectives and Approach 

The objective of this thesis is to clarify the stress situation in the Kiirunavaara Mine and to 

define a relationship for the virgin state of stress that could be used for rock mechanical 

analyses. Because of the uncertainty of the stress state at the Kiirunavaara Mine, this thesis 

also includes an analysis of the significance of the varying stresses for rock mechanical 

analyses. 

In most mines, so also the Kiirunavaara Mine, endless resources cannot be spent on pre-

investigation to improve stability. In fact, contrary to many civil engineering projects, failures 

can be allowed as long as the safety for the personnel can be ensured and the rest of the 

consequences are negligible for the mine. Furthermore, depending on the application, lifetime 

and location of the facility concerned, the quality and the need of different parameters varies. 

With reference to these facts and the difficulties in characterising the stress state as well as the 

geological input parameters, it is vital to examine which parameters are the most important to 

know, in order to make as good prognoses as possible. 

In this thesis, analyses are, therefore, made to investigate the value of determining the stress 

state as accurately as possible. Numerical as well as probabilistic sensitivity analyses of 

underground constructions are made to examine the significance of an uncertainty in different 

parameters, such as strength, stiffness and of course stresses. Hence, the analyses try to 

answer what a scatter in stress state with respect to its spatial distribution means to  LKAB  as 

well as to determine whether more stress measurements have to be made or if the effort and 

money should be spent on actions, which will be more advantageous with respect to input to 

stability analyses. 
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1.3 	Outline of thesis 

Following this introduction, a brief description of the Kiirunavaara Mine is given in Chapter 

2, which will serve as a basis for the coming Chapters. The mining method and the geological 

situation of the mine are explained and geomechanical parameters are presented. 

From a theoretical point of view, the stress is a fictitious quantity at a point represented by a 

second order Cartesian tensor with six components and it is influenced by the complex nature 

of the rock mass. Therefore, Chapter 3 treats the nature of stress, the stress distribution in rock 

mass and the challenges that can occur when measuring and interpreting stresses in the mine. 

In Chapter 4, a more stringent analysis of the existing stress data is made and the variation is 

studied. An analysis of the influence of the mining activity is emphasized. Phenomena (stress 

indicators) that can be used to give an indication of the stress state are examined. The results 

are then compared to results from other sites where stresses have been measured both in 

Sweden and in mines in the rest of the world. Finally, the results are discussed and a 

relationship for the virgin stress state is given. 

Based on the results from the previous Chapters, another approach to handle the problems of 

large scatter in the measured state of stress is presented in Chapter 5. By conceptual numerical 

analyses of underground constructions, the parameters affecting the behaviour of the rock 

mass are studied and discussed. 

The main contributions and a discussion of the analyses in Chapter 3 to 5 are presented in 

Chapter 6. 

Finally, in Chapter 7, conclusions and recommendations are given to improve rock mechanics 

analyses in the mine. 
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2 THE KIIRUNAVAARA MINE 

2.1 General 

The Kiirunavaara iron ore mine is located in the northern part of Sweden about 180 

kilometres north of the Artie Circle. The mine is owned and operated by Luossavaara-

Kiirunavaara AB  (LKAB).  Mining commenced in the beginning of the 20th  century and the 

ore was for the first 60 years mined as an open pit mine. In 1962,  LKAB  decided to go 

underground and today the ore production is progressing from the 775 m level to the current 

main haulage level at 1045 m. Figure 2.1 summarizes the mining depths over the years. 

Figure 2.1 The Mining at the Kiirunavaara Mine (from LKAB's image archive, 2001). 

The mining method used today is large-scale sublevel caving and the annual production is 

about 30 million tonnes of crude ore. Since the start, more then 1 billion tonnes have been 

mined out. The total reserve of the Kiirunavaara orebody is about 1100 million tonnes down 

to the 1500 m level. 

The mine is dived into ten production blocks, shown in Figure 2.2. Each block is like a 

separate mine with its own infrastructure and ventilation system. This geographic division 

means that the production could be more effective, since blasting, charging and ventilation 
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can be done simultaneously, but at different locations. At each block, there are sub-vertical 

ore passes from the production levels to the main level, where trains carry the ore to the 

crushers and the hoisting plants located approximately 1000 m west of the orebody. 

Figure 2.2 The Kiirunavaara mine (from LKAB's image archive, 2001). 

Coordinate system  

LKAB  have a local co-ordinate system shown in Figure 2.3, which is based on the orientation 

of the orebody. The Z-axis has its zero at the elevation of the removed summit of the 

Kiirunavaara Mountain, 732 m above sea level, and has positive direction downwards. 

Consequently, the levels mentioned in this report are the mining levels and not depth below 

surface. Furthermore, the geographic north is oriented 11.7 degrees to the west from the mine 

north, so that the strike of the ore body almost coincides with the local Y-coordinate. This 

correction was made to simplify the design of the crosscuts at the mine. 
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Figure 2.3 The local coordinate system, a horizontal section of the ore body at level 792, 

after Lupo (1997). 

Large-scale sublevel caving  

LKAB  has used the sublevel caving method since the start of underground mining, with the 

exception of some tests with sublevel stoping. The different phases of the method are shown 

in Figure 2.4. 

The first step is to construct the development drifts and from these drive crosscuts 

perpendicular to the strike of the ore body. In some parts of the mine, the shape of the 

orebody demands longitudinal crosscuts. 

The crosscuts normally have a dimension of 5  x  7 meters and lie about 25 meters apart in a 

horizontal direction. The vertical distance between two sublevels has increased successively 

over the years and is currently 28.5 m. The development of the crosscuts is done about two 

sublevels below the production level. This means that different operations can progress at the 

same time but at different levels. If for example blasting occurs at mining depth of 792 m, the 

production drilling is at 820 m and the development at 849 m. 
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A new sublevel is first opened at the hangingwall at  Y  24 -  Y  26 (Y24 = short form of  Y  

2400) and then progresses in the north and south directions. The caved area is therefore v-

shaped with the deepest part around  Y  24. 

One of the fundamentals of blasting is that open space is needed for the expansion of the 

broken rock. In Kiirunavaara, this problem is solved by driving a drift between two crosscuts. 

A hole is raise-bored in the roof of the drift into which the fragmented rock can expand. After 

each blasted round, the ore is hauled by an electric LHD to the orepasses. 

- ,  

Figure 2.4 Large-scale sublevel caving in Kiirunavaara mine, after  Hamrin  (1986) 
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2.2 Geology 

Regional geology 

The regional geology of the Kiruna area has been described in detail by  Martinsson  (1997) 

and is therefore only described briefly here. 

The stratigraphy of the Kiruna area forms a sequence of rocks with younger rock from north-

west to south-east (Figure 2.5). The Kiruna Greenstones forms the oldest unit followed by a 

Conglomerate (Kurravaara Conglomerate) with pebbles dominated by porphyries. The Kiruna 

porphyries overlays this unit, which is traditionally, divided into two units  (i)  the syenite 

porphyries in the stratigraphically lower part and (ii) the quartz bearing porphyries in the 

upper part. The sequence ends with the Hauki elastic sediments and the Hauki porphyries. 

The Kiirunavaara iron ore body lies between the syenite porphyries and the quartz bearing 

porphyries. The magnetite orebody runs about four kilometres from north to south and dips 60 

degrees to the east. Consequently, the footwall consists of the syenite porphyries and the 

hanging wall of the quartz bearing porphyries. The orebody averages 80 m in width and is 

indicated to a depth of at least two kilometres. The northern part of the Kiirunavaara orebody 

is called the Lake Ore, since it is located under the lake Luossajärvi. In spite of early 

controversy over the origin of the Kiruna-type apatite ore, it is considered magmatic in origin 

by most authors (e.g. Frietsch 1979). 
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Figure 2.5 The stratigraphic sequence of rock at the Kiirunavaara area, modified after  

Loberg  (1993). 

Local geology 

The orebody consists of a fine-grained magnetite with varying apatite content, which 

decreases with depth. Hematite occurs in variable amounts in the ore, together with magnetite. 

The gangue minerals are carbonate, quartz and apatite. The orebody is also randomly 

segmented with veins of syenite porphyry. The ore is separated into three different qualities 

depending on its iron, phosphor and alkali content. The ore qualities are named  B  and  D  

where  B-ore is the low phosphor ore and the  D-ore the high. The  B  ore is then dived into two 

classes with a low and high alkali content named  Bl-ore (low content) and B2-ore (high 

content). The  Bl-ore is used for the production of sinter fines, while B2-ore as well as the D-

ore, after removing the phosphor, are the raw material in the pellet production. 

The "quartz bearing porphyry" in the hanging wall consists of a mainly rhyodacitic 

composition and characterized by its greyish-red colour and a 10-15% content of 3-6 mm 

large feldspar phenocrysts. The matrix, consisting of feldspar and quartz together with some 
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biotite and magnetite, shows a rather strong recrystallization. It is because of the quartz 

content that the rock type is called quartz porphyry. 

The contact between footwall and ore body consists of small parts of the syenite porphyry, but 

also ore breccias, which usually consist of an actinolitic amphibole. The ore breccias are more 

widespread in the northern part of Kiirunavaara and especially in the contact between the 

syenite porphyry and the porphyry dykes. The breccias also occur in the hanging wall but to a 

smaller extent. The presence of breccias in the footwall as well as hanging wall can be seen as 

evidence, that the orebody is younger than the porphyries. 

The rock masses in the footwall have a trachyoandesictic character, but are denoted syenite 

porphyry by  LKAB  and in geological contexts. The porphyries have a dark red color and 

5-20 phenocrysts of reddish feldspar in the size of 1-4 mm. Amygdules consisting of quartz 

and carbonate are common in some flows. The geology at the Kiirunavaara mine is quite 

complex even though there are "only three groups of rocks". For example, Figure 2.6 shows 

how the different types of syenite porphyries can be mixed in the footwall. This depends on 

the different alteration grades, mixture of the rock and mineral content. Therefore,  LKAB  has 

divided the rock types in hangingwall, ore and footwall into different subgroups according to 

their mechanical and geological properties (see Table 2.1). 

Contact of the footwall  

Spi 

Sp3  

Figure 2.6 The variation of the syenite porphyry within the footwall, after  Sjöberg  et al 

(2001). 
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Table 2.1 	Classification of rock types in Kiirunavaara mine  

LKAB  
terminology Geological terminology Rock type 

characterization 

H
an

g
in

gw
  a
ll

 QP1 Rhyodacite 

QP2 Rhyodacite 

QP3 Rhyodacite, with amphibole and chlorite 

QP4 Meta rhyodacite 

QP5 Weathered rhyodacite  

O
re

bo
dy

  

Bl  Magnetite Fe 	66%,  P  <0.1 % 

B2 Magnetite Fe 	50%,  P  <0.1 % 

D1 Magnetite Fe 	50 %,  P  < 0.8 % 

Bbr Magnetite Fe 40-50 %,  P  <0.1 % 

Dbr Magnetite Fe 40-50 %,  P 	0.1 %  

Ta  
e  o 
0  .T.. 

SPI  Trachyandesite 

SP2 Trachyandesite  

SP3 Trachyandesite with amygdules 

SP4 Idiomorphic trachyte and porphyry 

SP5 Wethered trachyandesite 

GP Porphyry dyke 

Structural geology 

The rock mass in the Kiruna area has been subjected to deformations producing the fractures 

and the faulting in the mine and resulted in a complex three-dimensional network of 

interconnected blocks in different scales, Vollmer et al. (1984). 

Figure 2.7 shows a schematic map of the tectonic lineaments at the Kiirunavaara mine based 

on field mapping in the area and geophysical measurements made by Magnor and  Mattsson  

(1999). The lineaments are divided into spread fault zones and plastic shear zones. The fault 

zones strike in the East-West direction while the plastic shear zones strike in the North-South 

direction and are sub-parallel to the orebody. The plastic shear zones are characterized by 

discing rock and are partially clay altered by  hydrothermal  solutions, which often occurs 

when two zones cross (therefore, the clay alterations is most common in the contact of the ore 

body). The fault zones striking almost East-West have resulted in large magnitudes of 

faulting. 
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Figure 2.7 The main directions of the structural domains in the Kiirunavaara mine 

identified by Magnor and Mattson (1999). 

The field mapping from the mine confirms these main directions although the data show large 

scatter, as can be seen in Figure 2.8. The third direction observed, can be contributed to the 

foliation of axial plane coming from the regional folding, which is sub-parallel to the orebody 

and is common in the northern part of the mine. 

Figure 2.8 Data from field mapping, altogether 11104 structures (Magnor and  Mattsson,  

1999). 
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2.3 	Mechanical properties and rock mass quality 

The mechanical properties of the intact rock and the structures in the mine have earlier been 

compiled and evaluated by  Sjöberg  et al. (2001) and  Malmgren  (2001). These are based on 

tests reported by  LKAB.  In Table 2.2 and Table 2.3, the results from the compilations are 

summarized. The tests have not been conducted for all rock types, therefore some values are 

missing in Table 2.2. The mechanical properties of the structures have only been examined 

for the ore. 

Table 2.2 	Mechanical properties of the intact rock, after  Sjöberg  et al. (2001). 

Rock 
type  

Density, 
p,  [kg/m1  

Young's  
Modulus, 
E,  [GPa] 

Poissons 
ratio, v 

Compressive 
strength, 
cy, IMPa] 

Tensile 
strength, 
at, [MPal  

Cohesion, 
c,  [MPal 

Friction 
angle, 

44 11 

QP 2700 37-81 0.14-0,27 184 12 88-117 35-38 

Ore 4700 60-100 0.18-0.28 133 10 16-108 22-43  

spi  2800 70 0.20-0.27 300 10 - 

SP3 2800 44-60 0.14-0.24 210 11 - 

SP4 2800 80 430 12 

SP5 2800 75 90 10 - - 

GP - 75 - 320 - - 

Table 2.3 	Mechanical properties of structure in the ore, modified after  Sjöberg  et al. 

(2001) and  Malmgren  (2001). 

Location Cohesion, 
c,  EMPal 

Friction 
angle, 4), [1 

Residual 
friction 

angle, 44, El 

Joint 
roughness, 

JRC 

Average 
joint  

spacing, [m]  

Y  18-24 0 31-38 28 5-10 0.2-0.6  

Y  24-28 - 31-38 28 5-10 0.6-1.0 

The rock mass has been classified many times by different authors using rock mass ratio, 

RMR (Bienawski, 1978). In Table 2.4, a compilation of these rock mass classifications is 

presented (after  Sjöberg  et al. 2001). 
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Table 2.4 	Rock mass classification using RMR by different authors, after  Sjöberg  et al. 

(2001). 

Location 
RMR 

(average value by different authors) 
RMR (min-max) 

Hangingwall 57-63 46-68 

Ore 46-75 21-85 

Footwall 60 49-68 

Contact of hangingwall 22 

Contact of foot wall 22 - 
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3 	STATE OF STRESS IN THE ROCK MASS 

3.1 Introduction 

Rock masses are initially stressed in their natural state. For underground constructions, this 

means the in situ stress is one of the parameters needed to predict the response of the rock 

mass when a stability prognosis is going to be made. Because of its importance, the subject of 

rock stress has frequently been discussed at many rock mechanics conferences, workshops, in 

articles and reports in the last five decades. Yet, it remains a quantity creating challenges 

when to measure and interpret the rock stresses in practice. 

To improve the understanding of rock stresses as well as the results from rock stress 

measurements, this chapter will explain some of the problems with this issue. The focus is put 

on aspects considered important for the interpretation of the stress state at Kiirunavaara. If 

these problems are not well understood, results from stress measurement can often be 

mistreated or be regarded as inaccurate (author's opinion). 

The Chapter begins with explaining some of the fundamentals of rock stresses and a short 

presentation of the two stress measurements techniques that have been used at Kiirunavaara, 

i.e. overcoring with  LUT-gauge and hydraulic fracturing. Following this, three sections are 

emphasizing the role of geology in rock stresses, the influence of discontinuities, stiffness 

variations and anisotropy. The next two sections deal with the topography and residual 

stresses, which also could be factors causing stress distribution at Kiirunavaara. Finally, the 

measuring procedure is highlighted. Stresses are often measured in a very small scale 

compared to their application, which make the interpretation of the stress state difficult. 

In addition to literature studies, some of the factors have been analyzed using numerical 

modelling. Although the input data from Kiirunavaara have been used in the models as much 

as possible, the analyses should be seen as conceptual for studying trends and for explaining 

the complex nature of stresses or unexpected results from stress measurements. Due to 

restrictions in the numerical codes, the computer capacity, and the input data, it is not possible 

to develop models which simulate "a true" state of stress in the Kiirunavaara Mine. 
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3.2 	Fundamentals of rock stresses 

Definition 

Stress is defined at a point and represented by a second order tensor with six independent 

components. With reference to an arbitrary set of Cartesian co-ordinate axes, the stress is 

therefore expressed in matrix form, see Figure 3.1a. If the directions of the axes to which 

these stress components refer are changed, the values of the stress components will also 

change. For a particular orientation of the reference axes, the shear stress on the three planes 

perpendicular to the axes disappears. The remaining three normal stress components are 

known as the principal stresses (Figure 3.1b). Because of its definition, stress is a fictitious 

quantity, which cannot be measured, interpreted and applied straightforwardly. 
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a) The general stress state 	 b)  The principal stress state (no shear stresses). 

Figure 3.1 The general stress state and the principal stress state at a point, after Hudson and 

Cooling (1988). 

Classification 

Rock stresses can be divided into virgin stresses and induced stresses. The virgin stresses are 

those existing in the rock mass before any artificial disturbance. The induced stresses are 

consequently those related with artificial disturbances (excavation, drilling, pumping etc.) or 

induced by changes in natural conditions (drying, swelling, consolidation). The virgin stresses 

may in addition be divided into subgroups, based on their origin. Stephansson and Amadei 

(1997) proposed a classification of stresses where virgin stresses were further dived into 
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gravitational stresses, tectonic stresses (active and remnant), residual stresses and terrestrial 

stresses, shown in Figure 3.2. 

Induced 	 Gravitational 

stresses 
	 stresses 	 Active tectonic 

stresses 

Tectonic 

Rock 

 

	 Virgin 

stresses 

 

stresses Remnant tectonic 

stresses 

   

 

Residual 

stresses 

Terrestrial 

stresses 

 

stresses 

Figure 3.2 Stress terminology, modified after Stephansson and Amadei (1997). 

Stress relationships and the use of statistics 

Because of the definition of stress, the virgin stress state can be expressed in different ways. 

In the rock mechanics literature, the virgin stress is often expressed in terms of normal 

stresses in the horizontal and vertical directions, o-H,  o-h  and a, (the maximum and minimum 

horizontal stresses and the vertical stresses) and their trend in the horizontal plane. This 

formulation is used under the assumption that the vertical and horizontal stresses also are 

principal stresses. For the cases where the principal stresses not are vertical and horizontal, 

the stress state is normally presented in terms the principal stresses 0-2 , o-2, and o-3  and their 

trend and plunge. The third way to present the state of stress, is to refer the stress tensor to a 

Cartesian coordinate system and use the normal components o-x,  ay, 	rxy, rw, and z-rz 
(denoted 	 rew-ns, rns-ve and z-,_, at Kiirunavaara, where e,w,n,s, and v stand for east, 

west, north, south and vertical directions). 

Each of these three methods has shortcomings. For the methods involving principal stresses, it 

is mathematically incorrect to calculate statistical quantities or do regressions analyses to 

obtain stress relationships if the orientations of the stresses are different. This is often ignored 

in the literature. The correct approach is to divide the stress tensor into its stress components 

and then calculate the average of each stress component (Hudson and Cooling, 1988) to get a 

mean stress tensor, which is given by 
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—Ecr —Er  n 	n  i=1 
1  " 

symmetric 	;Ea= _ 1=- 	' _ 

(3.1) 

The mean magnitudes and orientations of the principal stresses are the eigenvalues and 

eigenvectors, respectively, of the mean stress tensor, —o-xyz. In order to calculate distribution 

parameters for the principal stresses, more sophisticated methods are needed. Walker et al., 

(1990) presented a way of using Monte Carlo simulation to calculate confidence intervals of 

the principal stresses. The standard deviations and the mean of the stress components are first 

calculated. Each of the six stress components is then assumed normally distributed with a 

probability density function defined by the mean value and the standard deviation. For each 

simulation using the Monte Carlo method, a new set of stress components is sampled from the 

six independent normal distributions. This set of stress components represents one possible 

stress tensor. If the sampling from the distributions is repeated many times, a distribution of 

stress tensors is obtained from which the principal stress components can then be calculated. 

The confidence intervals on the magnitudes of the principal stresses are obtained by ordering 

the values in ascending order. If there are 100 simulated values, then the lower 90 % bound 

correspond to the 10th  value and the upper 90 % bound correspond to the 90th  value. 

The method describing the state of stress with the normal stress components has other 

disadvantages. First, this way of describing the stress state may only be used when the 

complete stress tensor is obtained from the measurements which is not that common (e.g. 3D-

overcoring methods). Secondly, it is difficult to derive relationships for the shear stresses 

versus depth if their magnitudes vary between negative and positive values. The advantage 

using this approach is of course that no parameters are assumed and no orientations are 

needed to describe the stress field. 

Cf xyz  = 
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3.3 	Rock stress measurements techniques 

As was mentioned above, the predominant method for the rock stress measurements in the 

Kiirunavaara mine has been the overcoring technique with the  LUT  gauge. Lately, a few 

measurements have also been conducted with the hydraulic fracturing method. In order to 

give a better understanding of the challenges that are related to rock measurements using 

these methods, a short presentation of them is given below. 

Overcoring with the  LUT-gauge 

The  LUT  method will only be briefly described here, a detailed description has been 

published by Leijon (1988) and is recommended for interested readers. Figure 3.3 shows the 

basic concepts of the overcoring method. A piece of rock including a borehole is relieved 

from the surrounding stresses by overcoring. The relaxation is accompanied by a deformation 

of the core. An acquisition unit records the strains from the strain gauges of the  LUT-gauge. 

Provided the mechanical properties of the rock are known and that the rock can be assumed 

linear, elastic and isotropic, the initial stresses can then be calculated. 

To determine the complete stress tensor, six independent strain observations are required. The  

LUT-gauge has twelve strain gauges in ten spatially different directions, which means that the 

method provides redundant strain data. This redundancy allows the use of multiple least 

square regressions to find the solution best fitting the data. In addition, if outlying strain 

readings are detected they may be rejected and the calculation can be repeated. Since the 

technique is three dimensional, the complete stress tensor can be obtained from a single test 

and one borehole. However, to have statistically reliable results, at least five tests are required 

in each borehole (Leijon, 1989). 

The mechanical properties, i.e. Young's modulus and Poisson's ratio, are determined by a 

biaxial test. Both these parameters significantly influence the results of the stress 

measurements as seen in Figure 3.4. Therefore, it is important that the biaxial tests are 

successful. However,  Sandström  (1999) and Lundholm (2001) showed that the high biaxial 

pressures might result in incorrect properties due to initiation and propagation of cracks under 

testing. 

The  LUT  gauge has been compared to other and similar techniques.  Stillborg  and Leijon 

(1986) made a comparison between the CSIRO cell and the  LUT  gauge and they found that 

the two methods showed approximately the same result. The main disadvantage with the  

LUT-cell, compared to other overcoring cells, is that the response of the strain gauge cannot 
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be followed during the overcoring procedure. This means that one cannot examine if a strain 

gauge is behaving correctly during the overcoring, which consequently implies an increased 

uncertainty. 

Drilling of a large diameter hole 

to the desired location. 
r • • 
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Preparation of a pilot hole, and 

installation of the instrument 

(bore hole gauge) to be 

overcored. After installation, 

readings are taken from the 

instrument. 

Stress relief by overcoring. The 

relaxation is accompanied by 

deformation of the core. 

Recovery of the overcored 

cylinder. Additional readings 

are taken and the deformation 

of the core can be calculated. 

limmmomoi  

Figure 3.3 The overcoring technique with the  LUT-gauge, after Leijon (1988). 

Another factor that may influence the result of a stress measurement is if micro-cracks are 

initiated in a borehole during the overcoring. Experiments conducted at  URL  (Underground 

Research Laboratory) in Canada, showed that micro-cracks causing non-linear response could 

be initiated when the major principal stress, o-j,  exceeds 0.15 times the  uniaxial  compressive 

strength, ac, (Martin et al., 2001). 
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Figure 3.4 Influence of the Poisson's ratio and Young's modulus on the stresses. 

An important issue which has to be considered when studying measured stress variations is 

the measuring procedure. It is essential that the measurements of stress are made under 

controlled conditions. For the  LUT-gauge it is not possible to monitor the function of strain 

gauges. Ask (2003) has pointed out that temperature effects and boundary yielding in the glue 

may occur during the overcoring process which may provide severe error to the result. 

Consequently much of the measured variations may be due to error in the measuring 

procedure. 

Hydraulic Fracturing 

Hydraulic fracturing is used for rock stress measurements in usually core-drilled boreholes 

and is said to provide the major and minor stresses perpendicular to the borehole axis, in 

addition with the orientations of stresses. 

The field equipment for hydraulic fracturing is shown in Figure 3.5 and consists of a high-

pressure injection system, recording units and an orientation tool (not shown in the Figure). 

The fracturing tool is an inflatable straddle packer, which is connected to a high-pressure 

hydraulic system via a control unit, where the packer and fracture pressure/flow are regulated 

individually. The recording units (data logger, computer, pressure and flow gauges) record the 

pressure and flow in the packer as well as in the test section during a cycle. The gauges are 

located at the surface therefore the pressure in the test section is the difference between the 

readings of the gauges and the water pillar in the borehole. The orientation of the induced 

fracture is usually determined using an impression packer (an inflatable element wrapped with 

a soft rubber film) and a borehole compass attached to a camera unit. In Kiirunavaara, this 

method does not work because of the magnetic ore body. Only the inclination tool of the 
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compass is used. Since the camera and the compass are fixed when the impression packer is 

inflated in the hole, the orientation of the packer and hence the orientation of the fracture can 

be determined by the camera taking a picture of the compass as long as the inclination and the 

orientation of the borehole are known. 

Packer 

Fracture 

Borehole 

Figure 3.5 Schematic picture of straddle packer system (Haimson and Lee, 1984). 

The principals of the measuring procedure are shown with a typical pressure-time curve in 

Figure 3.6. An isolated part of the borehole is injected with water at a pressure  P.  At the 

critical pressure, Pb (breakdown pressure) a vertical tensile crack will be initiated at the 

borehole wall. A sudden drop of the pressure in the test section indicates this, and the 

pressurization is stopped. The drop in pressure is registered and the pressure obtained is now 

the same as the stress perpendicular to the plane of the fracture. When the fracture is 

beginning to close and if the fracture is vertical (i.e. parallel to the borehole axis), the water 

pressure  P,  in the test section is assumed to be equal to the minor horizontal stresses  ah  in the 

rock mass. After a few minutes, the pressure drops in the hole to restore the ambient pressure 

in the fracture before a reopening test is started. The reopening test is carried out to propagate 

the fracture and is done with the same injection rate as the first injection cycle. The fracture is 

reopened at a pressure Pr. 



25 

Pressure,  P 

and flow rate, Q 

	

16.0 — 	 P
b 

14,0 — 

	

12.0 — 	 Pr 

P [MPa] 

Q [I/min]  

10.0 — 

8.0 — 

6.0 — 

4,0 — 

2,0 — 

I 	  
0,0  

0 120 240 360 480 600 720 840 960 1080 [200 1320 1440 1560 

Time [s] 

Figure 3.6 Typical curve for pressure and flow rate as function of time  (Klasson,  2000). 

If the borehole is vertical and the rock mass is assumed linear elastic, isotropic, and 

homogeneous, the stresses can be calculated using the equations derived for the state of stress 

around a circular hole by Kirsch (1898). The vertical stress, 	is assumed equal to the weight 

of the overlying rock mass 

= Pgz  (3.2) 

where 

p  = density of the rock  

g  = gravity 

z -- the vertical depth 

The minor and major horizontal stresses are determined by the recorded data and the 

following equations 

= 30-h +0-f — Pb 
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where  

o-h  = minor horizontal stress 

= shut-in pressure 

o-, = tension strength of the rock 

Pb = breakdown pressure 

Pr  = reopening pressure 

07/ = major horizontal stress 

The orientations of the horizontal stresses are determined by the strike of the induced fracture. 

Since the material is assumed to be isotropic, the orientation of the crack will be governed by 

the state of stress in the rock mass. If we have perfect conditions, a vertical crack 

perpendicular to the strike of the minor horizontal stress will be initiated during the fracturing 

cycle. 

Recently, the classical method of calculating the maximum principal horizontal stresses has 

been questioned due to uncertainty in defining the reopening pressure Rutqvist et al. (2000). 

This means that estimation of the maximum principal stress is additionally uncertain. 
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3.4 	Stress distribution due to discontinuities 

There are several examples of the influence of geological structures and discontinuities on the 

in-situ stresses described in the literature. Cundall and  Strack  (1979) presented a model of the 

non-uniform stress distribution in a heterogeneous material. A rock mass consisting of 

granular 2D-discs was simulated with a discrete element program (Figure 3.7 a). At the scale 

of disc-to-disc contact, high variation in the stress distribution appeared, as shown in Figure 

3.7  b.  

a)  b)  

A ,exurenlel-gentre,.ed aener.b4 o inenn• end 
eneierenetai gerne,.• 

Figure 3.7 (a) A rock mass consisting of granular 2D-discs.  b)  The stress distribution in a 

heterogeneous material. The thickness of the line indicates the magnitude of the 

forces, (after Cundall and  Strack,  1979). 

On a larger scale, Hudson and Cooling (1988) illustrated how the principal stresses could be 

diverted by the fill in a discontinuity, shown in Figure 3.8. If a discontinuity is open, the 

major principal stress is diverted parallel to the discontinuity (case 1). If the material in the 

discontinuity essentially has the same properties as the surrounding rocks, the principal stress 

may be unaffected (case 2). At the other extreme, if the material in the discontinuity is rigid, 

the major principal stress will be diverted perpendicular to the discontinuity (case 3). In 

reality, the material in the discontinuity is often weaker or less stiff than the surrounding rock. 
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Figure 3.8 Effect of a discontinuity on the stress state, Hudson and Cooling (1988). 

Several numerical models and laboratory testing programs have also shown the influence of 

joints and faults on the stresses. Brown, Leijon and  Hustrulid  (1986), made laboratory tests 

and numerical modelling on jointed biotitic gneiss to compare the  LUT-gauge with another 

type of overcoring technique (the USBM gauge). The results revealed a large variation in the 

magnitude as well as the orientation of the stress as seen in 

Figure 3.9. Furthermore, Su and Stephansson (1999) observed a similar reorientation and a 

magnitude variation of the in situ stress near a fault by distinct element modelling. They 

found that the stress variation was strongly influenced by the friction angle of the fault and 

less by the boundary stress ratio. A similar result was obtained by Sugawara (1997), who 

showed the influence of a larger fault in a large 2D-model and the stress distribution as having 

large tectonic loads, seen in Figure 3.10. 	
FE-modeling 

0 10 	20 MPa 
II§ 	g 

0 5 10 

    

Figure 3.9 Measured stress distribution within an artificially loaded jointed block and the 

result from an  FE  analysis of the same block, hydrostatic loads at the boundary (modified 

after Brown, Leijon and  Hustrulid,  1986). 
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Figure 3.10 The principal stresses around faults, dipping 60 degrees, two different tectonic 

loads (after Sugawara, 1997). 
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3.5 	Stress distribution due to stiffness variations 

In a rock mass with layers of varying properties, the relative stiffness between the layers may 

create considerable stress jumps (Amadei, 1996). This can be explained using the theory of 

elasticity and illustrated by the simple model shown in Figure 3.11. The model consists of  N  

connected blocks side by side with Young's modulus  Ei  (i=1,  N).  Young's modulus is a 

function of the amount of heterogeneities in the block. An average stress o-a, is applied over a 

volume V= Evi= L  x  1  x  1, where v, 1,  x  1  x  1. 

Cray 

1 

I E1  E2 E EN-1 EN  

Ii  

Figure 3.11 Stresses in an idealized volume consisting of  N  blocks with different 

deformation modulus,  E,  (i  = 1,N) (after Amadei and Stephansson, 1997). 

Using the basic theory of elasticity and assuming uniform displacements over the volume, V, 

the average stress, cr„ in each element is equal to  

E V 
o- 	N 	 

v,E, 

( 3.6) 

This shows that the stress in each element may differ from the average stress, o-„,, and that a 

is controlled by the value of the deformation modulus,  E„  in that element. Thus, stiffer 

elements give higher stress and less stiff elements give lower stress. 

This theory can be applied for different volumes including different types of heterogeneities 

(from grains in the smallest scale to large faults on a regional scale). Thus, each block in 

Figure 3.11 can be divided into smaller blocks as illustrated in Figure 3.12. The stress for each 

block is o-,. This can be applied to the smallest volume of interest, vj  = i x 1  x  1, which has an 

applied stress of a,. The smallest volume of interest is in most cases the measuring scale used 

for overcoring (approximately 0.02 dm3). Due to the heterogeneities present in the different 
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scales and the varying stiffness within the block, the theory implies that a rock mass can for 

example be subjected to low stresses regionally, high stress locally and have low stress again 

at the measuring scale. 
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Figure 3.12 Schematic figure of how the stresses may vary in different scales due to 

different stiffness and heterogeneities using the theory of elasticity. 
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3.6 Anisotropi 

Another property that may affect the stress distribution in the rock mass and the calculation of 

stresses from stress measurements is anisotropy (material with properties that vary with 

direction). Amadei (1996) pointed out that in addition to foliated rocks (gneisses, slates and 

phyllites) that normally are considered anisotropic, also rock masses cut by one or several 

regularly spaced joint sets may be considered anisotropic. 

Based on the constitutive models of rocks and joints, and empirical expressions for the 

tangential normal stiffness proposed by  Bandis  et al. (1983), Amadei (1996) demonstrated the 

interaction between rock anisotropy and rock stress and explained phenomena associated with 

stress distribution in the rock mass. For example, for a regularly jointed rock, the stiffness of 

the joints that create the anisotropy of the rock mass increases with increased normal stress 

acting across their surfaces (see more later in this chapter). This tends to blur zones of 

different stiffness, leading to a more homogeneous stress field. Thus, as the elastic properties 

change with the state of stress, so do the state of stress changes because of reduction of the 

anisotropy in the rock mass. 

Furthermore, Amadei (1996) showed that the anisotropic behaviour of the rock mass may 

have a large effect when evaluating results from stress measurements. Even if an anisotropic 

rock may be a factor that should be accounted for, Amadei (1996) also mentioned the 

difficulties in identifying the properties needed for determining rock anisotropy. 
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3.7 Stress distribution due to residual stress 

The residual stresses are the stresses remaining in the rock mass, even after the originating 

mechanism has ceased to operate (Hyett et al. 1986). Considering the orogenesis and the 

folding of the rock mass at Kiirunavaara, it is likely that residual stresses exist and these 

phenomena are thus described below. 

According to Hyett et al. (1986), there are three fundamental requirements for the generation 

of residual stresses 

- a change in the energy level , e.g. a stress or a temperature change. 

- a heterogeneity caused by different constituent parts of the material, and 

- compatibility of these constituent parts 

For a granite block formed under high temperature and pressure, Hyett et al. (1986) explained 

that the residual stresses occur when the cooling starts and the different mineral grains change 

in size due to varying modulus, orientation of anisotropic grains and different coefficients of 

thermal expansion. The confining effects of neighbouring minerals then result in induced 

stresses (residual stress). 

On a larger scale the residual stresses can be induced by larger heterogeneities within the rock 

mass. Brady et al. (1986) presented the result of a numerical model of a discontinuous jointed 

medium under tectonic loading, which showed that stress concentrations were induced 

wherever slipping joints terminated at another joint. They also pointed out that no stress 

concentrations occurred when all the joints were continuous. 

The role of residual stresses in the stress distribution is not clear. Hyett et al. (1986) showed 

that residual stresses are a significant component in the results from most in situ stress 

measurement programs. On the other hand, Lang et al. (1986) showed that the residual 

stresses were about 1.5-2.5 % of the total measured stresses at the Underground Research 

Laboratory  (URL)  in Canada and concluded that the residual stresses were insignificant 

compared with other inherent errors of the measurement technique. 
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3.8 	Stress distribution due to topography and gravitation 

The ground surface at the Kiirunavaara mine is not entirely flat. The altitude difference is in 

fact approximately 250 m between the highest and lowest point. This means that the thickness 

of the overlying rock mass varies with the topography and causes a varying stress disturbance 

in the rock mass. Near the ground surface, the effect on the stress state is large since the major 

principal stress is always parallel to the surface. At greater depths, the principal stresses 

approach the same directions as when the ground surface is horizontal (Amadei and 

Stephansson, 1997). 

In order to study this effect at greater depth, a simple numerical conceptual model has been 

made using the two dimensional boundary element program Examine-2D (Curran and 

Corkum, 1996). The topography was simulated as shown in Figure 3.13. The input parameters 

for the model were a density of 2700 kg/m3, Young's modulus of 70 GPa and Poisson's ratio 

0.25. The horizontal stress was set to 1.5 times the vertical stress. 
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Figure 3.13 A conceptual model for studying the influence of a varying topography on the 

stress distribution at 800 m 

The altitudes of the simulated surface were varied in steps ranging from 100 m to 300 m, to 

obtain as extreme changes in the stresses as possible. The stress changes were studied at a 

reference line at 800 m (the same elevation as the mining level in Kiirunavaara, where many 

stress measurements have been carried out, see also Chapter 4). Figure 3.14 shows the results 

of the simulated horizontal and vertical stresses together with the stress levels of a flat ground 

surface. Even though the simulated ground surface is highly exaggerated compared with the 

one in Kiirunavaara, it can be seen that the effect of the topography at the 800 m level is 

rather small for the horizontal stress. The curve of the vertical stress is more correlated with 

the elevation of the ground surface. 



35 

30 

25 
76" 
o_ 

35 

Influence of topography at a reference Line 800 m below ground surface 

(Density 2700kg/m3, 0-H = 1.5 )( GO. 

...............................................................................  **••••
••• ....... . ....  

0 
	

1000 
	

2000 	 3000 
	

4000 
	

5000 

Distance [RI] 

Figure 3.14 The variation of the stress due to a varying topography at 800 m below surface. 

3.9 	Stress distribution due to measurements 

Above it has been shown how the rock stress may vary due to geological discontinuities as 

well as how the relative stiffness of the rock mass may influence the stress distribution. Both 

the discontinuities and the stiffness variation can occur over a spectrum of geological scales, 

from the small defects in the rock matrix to large faults. 

When rock stress measurements are carried out in a heterogeneous rock mass, it is impossible 

to determine the influence of these discontinuities on the results. In addition, it is difficult to 

know if the measurements have taken place in a section subjected to low or high stress due to 

the varying stiffness of the rock mass. Because of this, the results from the stress 

measurements may not reflect the true stress state for the scale of interest (the measuring, the 

local or the regional scale). Consequently, the measured stresses may be representative for 

one scale but false for another. Consider the examples in Figure 3.15 where a borehole for 

stress measurements is subjected to some type of geological disturbance. From these 

examples, it is easy to realize that it is difficult to get a representative value for the regional 

scale when the stress measurement is carried out in a single borehole if the geology varies in 

the considered area. 

—o— Vertical stress, elevated surface  
—x—  Horizontal stress, elevated surface 

- - -Vertical stress, flat surface 

Horizontal stress, flat surface 
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Borehole for 
measurement 	

Cavity 
 

0 1)i.4  

A small cavity is located close to the borehole 

and disturbs the stress measurements. If the 

borehole were moved away from the cavity, the 

measured stress would be representative for that 

scale. 

Fracture zone 

A fracture zone disturbs the hole. The result is 

representative for the measuring scale but not 

the local scale. 

E2, V2 

The difference in rock mass stiffness between E1  

and E2 induces a spatial variation of the state of 

stress. If the rest of the rock mass has the 

stiffness E2, results from stress measurement 

will only be representative for the measuring 

scale. 

Figure 3.15 Different geological environments for rock stress measurements providing non-

representative results 

In order to obtain a reliable stress measurement result, an expression named Representative 

Elemental Volume (REV) can be used (Hudson and Cooling, 1988, Cuisat and Haimson, 

1992). The REV is defined as the smallest volume for which there is equivalence between the 

continuum material and the real rock mass. It is reached when the sampling size is so large 

that the measured values are essentially constant with repeated testing. 

Hence, to have a representative value for the regional scale the sampling volume has to be 

equally large, illustrated in Figure 3.16. Since the existing methods for stress measurements 

measure over a small volume, a scatter should be expected when the results are used to 

represent a large volume for example the Kiirunavaara mine. Therefore, it is important to 

carry out many measurements to be able to define a relation representing the state of stress for 

large volumes. According to Leijon (1989), using the smallest measuring scale (overcoring) at 

least four to five measurements at each borehole have to be made to represent the local scale 

in good rock. On a larger scale, many more measurements are needed. 
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Stress at a point = High potential scatter 	
Stress at REV = 
Low potential scatter 

Scatter 

REV 
Size of rock mass involved in test 

Figure 3.16 Illustration of the effect of scale on data scatter for rock stress measurements, 

after Hudson & Cooling (1988). 

A natural question following this is if the stress is also scale dependent. Martin et al. (1990) 

made tests of scale dependency on stress measurements at the  URL  in Canada. Tests were 

made within five overcoring scales and they found no scale dependency but saw that the 

scatters were larger for a smaller test size (Figure 3.17). The curve also illustrates the amount 

of scatter seen when different stress measurement techniques have been compared, for 

example hydraulic fracturing versus overcoring (see  Andersson  and  Ljunggren,  1997). 

O Overcoring (96 rnm 0) 	• Under -Luc t (5m 0) 

• Overcoring 	mm a) 	Convergence 

o Vent raise (1,8 m ø) 

Norma  ed  vokirne (m3 ) 

Figure 3.17 Tests of scale effects at  URL,  the change in volumetric strains versus 

circumference of the overcore diameter, after Martin et al. (1990). 
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3.10 Numerical analyses of the stress distribution 

The examples from the literature study above have showed how the stress may vary due to 

heterogeneities and that these may lead to difficulties when measuring and interpreting the 

state of stress. In this section two conceptual numerical analyses are used to study and 

quantify stress variations that can be obtained when measuring stress in a heterogeneous rock 

mass. 

In the first analysis, the elastic deformation modulus of the rock mass,  Em,  (or the equivalent 

elastic modulus) is used to study large-scale variations in a rock mass. In the second analysis, 

a model of a borehole is used to study how heterogeneity such as a small cavity or a gouge 

may affect the result from a stress measurement. As was described above a stress 

measurement may be influenced by some kind of disturbance existing in the rock mass. It can 

be a cavity, a fracture zone, a fault or simply an area with a different stiffness. 

3.10.1 Analysis of large-scale heterogeneities in the rock mass 

In order to study the stress distribution in a rock mass due to stiffness variations, one has to 

start to determine the variation of the equivalent deformation modulus of the rock mass. The 

equivalent deformation modulus depends on the stiffness of the rock types as well as the shear 

and normal stiffness of the joints. 

In a rock mass with perfectly orientated joints, a number of theoretical solutions have been 

derived for the calculation of the equivalent deformation modulus (e.g. Amadei, 1986). 

However, in practice it is difficult to use these derivations because of the complexity to obtain 

essential data or that the rock mass is more complicated than these models may predict,  

Nordlund  et al. (1998). In addition, the available methods for measuring the large-scale 

deformation modulus in practice are both difficult and expensive. For that reason the most 

common way to determine the equivalent deformation modulus of the rock mass is to use 

some of the empirical relationships that have been derived using back calculations of 

measured deformations. 

In Equation 3.7-3.10, three such relationships are presented, derived by Bieniawski (1978), 

Serafim and Pereira (1983), and Hoek et al. (2000), respectively. In the first two equations, 

the deformation modulus is a function of a rock mass classification system RMR. In the last, 

it is a function of both cr, and the rock mass classification GSI. 
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In Figure 3.18, where the equations have been plotted, it can be seen that the equivalent 

deformation modulus is sensitive to a change in the RMR or the GSI value. Mapping at 

Kiirunavaara shows an average variation of the RMR value between 55 and 80 (see Chapter 

2). Using the Equation 3.8, this suggests a variation of the deformations modulus in situ 

between 13 GPa and 56 GPa. 

0 10 20 30 40 50 60 70 80 90 100 

RMR and GSI 

Figure 3.18 Plots of deformation modulus,  Em,  as functions of RMR or GSI, using three 

different relationships. 

Although the equations have proved to work well for certain rock mechanics projects, it is 

important to notify some aspects when employing these in analyses. Firstly, none of these 

equations encompasses the deformation modulus of the intact rock. The deformation modulus 

of the rock mass should never be larger than the deformation modulus of the intact rock. 

Furthermore,  Bandis  et al. (1983) pointed out that the stiffness of the joints increases as the 

normal stress acting on the joint increase. Therefore, the apparent deformation modulus is also 

said to be stress dependent. This implies that the difference between the equivalent 

deformation modulus and the elastic modulus of the intact rock reduces with increased depth. 

Finally, the equations are based on rock mass classification systems (RMR and GSI), which 

both have shown to include uncertainties in the calculation of their value (Edelbro, 2003). 



40 

For this analysis the ratio between a minimum and a maximum value of the large-scale 

deformation modulus was assumed to be equal to 2. This corresponds to the variation of the 

elastic modulus of intact rock (see Chapter 2) and half the difference obtained using the RMR 

classification at Kiirunavaara and Equation 3.8 by Serafim and Pereira (1983). On a smaller 

scale, the equivalent deformation modulus may vary even more (see Chapter 5). 

To study the influence of the large-scale variations of the deformation modulus on the stress 

state a conceptual model was set up in UDEC, which is a two-dimensional discrete element 

code (ITASCA, 2000). The model was made 1600  x  1600 m and dived into six horizontal 

sections with smaller blocks with different stiffness simulating well-defined geological areas, 

see Figure 3.19. 

1600 m 

62 

= E„, •= 2E„  

Figure 3.19 Model set up for studying the influence of stiffness in the rock mass. 

Elastic conditions were assumed for the analysis. The darker areas were given a two times 

higher stiffness then the brighter areas, according to the discussion above. All rock mass 

properties used in the model are shown in Table 3.1. The joints dividing the blocks were 

simulated as fictitious and were therefore simulated with high strength properties. The stresses 

were applied at two of the boundaries of the model while the other two boundaries consisted 



41 

of rollers. The major principal stress, 	was set 1.5 times the minor stress (here denoted cr-2) 

of 10 MPa. No gravitation was applied in the model. 

Table 3.1 	Rock and joint properties used for the model. 

Items Value 

Denstity,  p  [kg/m3] 2800 

Poisson's ratio, v 0.25 

Equivalent deformation Modulus,  Em  [GPa] 30 

Normal stiffness, jkn [GPa/m] 10 

Shear stiffness, jks [GPa/m] 10 

Friction angle, 0, [0] 80 

Joint cohesion [MPa] 1e23 

Joint tension [MN] 1e23 

Results 

Figure 3.20 and Figure 3.21 illustrate the relative deviation of the applied stresses to the in 

situ stresses in the model for the major and minor principal stresses. Each curve represents a 

horizontal line through the middle of each section. The plots show a considerable variation for 

those sections that have blocks with different stiffness, nearly 40% for the major principal 

stress and 30% for the minor principal stress. In addition, it can be seen that those sections 

having the same stiffness (section 1,3 and 6) do not reveal the same type of fluctuations as the 

other sections. The deviation of the orientation of the major principal stress (Figure 3.22) is 

especially high for those blocks that do not have right angels (see section 2 and 5). For these 

blocks, the deviation is 40-500  in dip direction. 

Studying the curves for each section it can also been seen that the sections with constant 

stiffness are influenced by the variations in sections in their vicinity. This means the size and 

the shape of the blocks with different stiffness affects the stress distribution not only within 

the block but also around the block. 
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Figure 3.20 The relative deviation of the major principal stress between the in situ and 

applied magnitude along a line in the middle of each section. 
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Figure 3.21 The relative deviation of the minor principal stress between the in situ and 

applied magnitude along a line in the middle of each section. 
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Figure 3.22 The deviation of the orientation of the major principal stress between in situ and 

applied stress along a line in the middle of each section. 
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3.10.2 Analyses of small-scale heterogeneities around a borehole 

In order to quantify the effect of heterogeneities on stress measurement results, a numerical 

model was set up in FLAC-2D (ITASCA, 2000). The analyses were made using a quarter 

symmetric model of the borehole. The heterogeneities were simulated using zones with lower 

stiffness than the surrounding rock located at different distances from the borehole, shown in 

the Figure 3.23. The size of the model was set to 10 times the radius of the borehole to 

minimize the influence of the boundaries. The boundary conditions were rollers at two sides 

and stresses at the other two. 

A hydrostatic stress state of 20 MPa was applied to the model. If no heterogeneities are 

present, a hydrostatic stress state provides an identical stress state around the borehole. This 

makes it easy to detect and quantify disturbances of the stress state around the borehole. 

Symmetry line 
(75.1 = cr2 

1,  ,k  

01 .= 02 

Symmetry line 

10 r 

Figure 3.23 Model set up for studying the influence of a disturbance around a borehole. 
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The rock was simulated as a plastic material and represented by the Mohr-Coulomb 

parameters. The zones simulating the heterogeneities were in this case given a 10 times higher 

or lower elastic modulus than the rest of the model. This was assumed to simulate a weak 

zone or a cavity filled with some material. The strength of the good rock was chosen 

according to the average properties of  SPI  (Chapter 2), while the weaker rock was low 

strength properties, see Table 3.2. 

Table 3.2 	Rock and joint properties used for the model that simulate the disturbance of a 

weak zone when carrying out rock stress measurements. 

Items "Normal" 
rock 

Weak 
rock 

Denstity,  p  [kg/m3] 2800 2000 

Poisson's ratio, v 0.25 0.25 

Young's Modulus,  E  [GPa] 70 7 

Inner friction angle, 0 [1 36.5 36.5 

Cohesion, [MPa] 100 1 0 

Dilatation [0] 0 0 

Tensile strength [MPa] 10 0.4 

Result 

No plasticity occurred in the model meaning the assumption of elasticity when conducting 

stress measurements was fulfilled. To study the influence of the heterogeneities (zones 1-6 in 

Figure 3.23), a reference case with the same stiffness in the whole model was compared to six 

analyses where one at a time of each six zones, was given the properties of the weak rock, 

(this simulating heterogeneities at different distances from the borehole). The influence of the 

zone was quantified by calculating the relative deviation of the major principal stress, RD, at 

two points located at the boundary of the borehole (marked A and  B  in Figure 3.23) as 

(0-1 — crI) 
RD= 	 

cr, 
(3.10) 

where 07 „f is the major principal stress for the reference case and o-/  , is the major principal 

stress for each of the six analyses. 
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In Figure 3.24, the results can be seen. The piles in the diagram show the relative deviation. 

The deviation is approximately 30 % at point A for the zones closest to the borehole and 10 % 

at point  B.  The disturbance from the zones decreased with increased distance from the 

borehole. 
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Figure 3.24 Relative deviation of the major principal stress between a homogeneous rock 

mass and a rock mass containing a heterogeneity at a certain distance from the 

borehole at two points around a borehole. 
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4 	STATE OF STRESS AT THE KIIRUNAVAARA MINE 

4.1 Introduction 

The interest in rock stress and its measurements has a long record at the Kiirunavaara Mine. 

The first measurements were carried out 1958 by Professor Nils  Hast (Hast,  1958). He used an 

overcoring technique where a stiff strain gauge measured the response load from the rock. 

The results showed larger horizontal stress than vertical stress, which at that time was 

regarded as controversial as the influence of plate tectonics was not completely understood 

(Ludwig, 2003). In 1973 and 1974, additional measurements were carried out by  Hast.  Yet 

again, the results showed very high horizontal stresses. Although high horizontal stresses at 

that moment had been generally accepted, his results were still doubted because of 

shortcomings in the measurement technique, measuring procedure but also because of his 

interpretation of the results (Stephansson, 1976 and Bergman, 1977). 

In cooperation with  Luleå  University of Technology a new measuring technique was tested at 

the mine at the end of the 70's (Leijon, 1979). This method, named overcoring with the  LUT-

gauge, proved to be successful. In the beginning of the 80's,  LKAB  bought the equipment and 

started its own organization for stress measurements. Between 1979 and 1995, stress 

measurements were carried out at more than 40 locations in the Kiirunavaara mine. 

In the year 2000 stress measurements with hydraulic fracturing were successfully tested for 

the first time  (Klasson,  2000) in  LKAB.  Three measurements were carried out in an 

exploration borehole. These measurements were followed up with a new campaign with the 

same method in 2002. However, these tests did not turn out as well as the previous ones. 

Huge technical problems made the results from these measurements only usable as stress 

indicators. 

A number of definitions of the virgin state of stress at Kiirunavaara have been proposed over 

the years depending on the different input data but also on different evaluation technique. The 

earliest stress relationships, presented by Stephansson et al. (1978), were derived from the 

measurements by  Hast  and were defined as 

au  =1.2 + 0.058z 	 (4.1) 

o-  = 6.6+ 0.027z 	 (4.2) 
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where  

al/  = the horizontal stress in MPa, 

• = the vertical stress in MPa, 

z 	= the depth in meters according to coordinate system of the mine (z is positive 

downwards). 

The results from the rock stress measurements with the  LUT-gauge have been compiled and 

evaluated many times. The first assessment was made by Leijon (1984) who derived the 

following equations for the stresses. 

o 	= —8.1+ 0.039z 	 (4.3) 

o-„ = —8.9 + 0.036z 	 (4.4) 

• = 5.4 + 0.015z 	 (4.5) 

where  

• = the stress perpendicular to the strike of the orebody in MPa, 

all  = the stress parallel to the strike of the orebody in MPa, 

a, = the vertical stress in MPa, 

These were followed by new relationships defined during a project of sublevel benching (the 

Oscar project). The relationships presented by Stephansson and Paganus, (1988) were defined 

as 

= —8.0 + 0.04z 	 (4.6) 

o-ll  = —8.9 + 0.036z 	 (4.7) 

a, = —4.0 + 0.027z 	 (4.8) 

In the latter two evaluations, tensile stresses occur at the ground surface. For that reason  

Sjöberg  et al. (2001) changed the stress relationships in Equation 4.6-4.8 so that no tensile 

stresses would occur at the ground surface at the footwall (approximately at a mining level of 

100 m) and proposed the following stress relationships 
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o-, -= —4.0 + 0.04z (4.9) 

o-, = —3.6 + 0.036z (4.10) 

o 	= —2.7 + 0.027z (4.11) 

In addition to these evaluations, Lupo (1997) and  Sandström  (1999) have analyzed the result 

from the  LTU-gauge without suggesting any new stress relationships. 

It should be noted that all the equations above have been derived from the normal stress 

components in the horizontal plane (consequently not principal stresses). Hence, these results 

do not describe the complete state of stress, since the shear stresses are not defined. In 

Figure 4.1, all the stress relations are compared. It can be seen that the stress relationship by 

Stephansson (1978), i.e. the results from the measurements by  Hast,  show much higher 

stresses than the stress relations based on the  LUT-gauge. 
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Figure 4.1 Stress relationship at the Kiirunavaara mine, defined by different authors. 

Because more stress measurements have been made and the fact that the results are still 

associated with uncertainty, this Chapter will provide a stringent evaluation and re-

interpretation of the virgin state of stress at the Kiirunavaara Mine. The objective is to derive 

a relationship between the virgin stresses and depth that can be used for global rock 
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mechanics analyses of the mine. The relationship will be based on analyses of results from 

rock stress measurements and stress indicators observed in the mine. 

In order to examine the validity of the evaluation, the results are weighted against the results 

of national and international stress databases as well as other sites where stress measurement 

campaigns have taken place. In addition, the results are compared with a theoretical model for 

the state of stress in the earth's crust. All the information serves as a basis for the deriving of 

stress relationships at the end of this chapter. 

4.2 	Rock stress measurements at Kiirunavaara Mine 

All data regarding the rock stress measurements at the Kiirunavaara Mine are based on 

internal  LKAB  reports. Because of the method used by professor  Hast  and the lack of 

information from his measurements, his data are in not included in this report. 

4.2.1 Location and Site Description 

Stress measurements have been carried out at 44 locations with the overcoring technique and 

at three locations in one exploration borehole using the hydraulic fracturing method. The 

purposes of the measurements have been to determine the virgin state of stress as well as to 

examine stresses around shafts and in pillars. The measurements have been carried out in the 

footwall, in the ore and the hangingwall at different places and levels all along the orebody 

and at the hoisting plant. In Figure 4.2, the locations of the stress measurements are shown 

along the Y-coordinate. 

Stress measurements have often been carried out as parts of research and development 

projects. Therefore, the locations are clustered around certain levels or areas in the mine. Two 

such areas are around the 500 m and 600 m level at  Y  29 and  Y  50 where sublevel benching 

has been tested. Another area is at the level 792 m where stress measurements were conducted 

with the purpose of finding stress variations along the orebody. From 1981 to 1988, 111 

measurements were conducted at eleven locations at this level. These are analyzed in a 

separate section later in this chapter. Five measurements have also been carried out at the 

hoisting plant, 1000 m west of the orebody. The hydraulic fracturing measurements have been 

made in one borehole at the exploration level at 1060 m. 
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In Table 4.1, the location, the date and objectives of all measurements are summarized. In the 

objective column, the stress measurements aimed at assessing the virgin state of stress, are 

denoted virgin, and those done to examine stresses in pillars, around ore passes or changes 

due to the mining production are denoted induced. 

In the Kiirunavaara mine all locations (boreholes) where stress measurements have been 

carried out using the overcoring technique have been chronologically numbered, so the first 

stress measurement borehole was given number one, the second number two and so on. 

However, since some of the measurements failed and some were done in other mines 

(Viscaria and  Malmberget),  several numbers are missing in Table 4.1. The measurements 

carried out using hydraulic fracturing were identified with the identification number of the 

exploration boreholes. 

Unfortunately, the geology of the sites is not fully known because of lack of accurate core 

loggings. The only available data is the rock type and for some measurements sketches of the 

core. It is also very difficult to examine the measurement locations today, since the rock is 

heavily reinforced with shotcrete or simply removed by blasting. In addition, the available 

field mappings of rock types and heterogeneities are insufficient for analyses. The lack of 

geologic information is a shortcoming, extreme points caused by discontinuities or some other 

site specific effects cannot be properly analyzed. 
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Table 4.1 The date, the locations and the purpose of the rock stress measurements at the 

Kiirunvaara mine. Location abbreviations: HP=Hoisting Plants, FW=Footwall, 

HW=Hangingwall 0=Orebody 

Measure- 

ment  
Date 

Mining 

level Imj 
Y-coordinate Location Objective  

1 Oct-79 957 23 HP Virgin 

2 Nov-79 957 24 HP Virgin 

7 Jan-81 502 50 0 Induced 

8 Jan-81 502 50 0 Induced 

10 Jun-81 784 24 HW Virgin 

11 Sep-81 420 23 HP Induced 

12 Sep-81 420 23 HP Induced 

13 Nov-81 791 24 0 Virgin 

19 Jun-82 610 49 FW Induced 

20  Okt-82 738 49 FW Virgin 

21 Nov-82 781 43 HW Virgin 

22 Jan-83 922 24 HP Virgin 

23 Jan-83 922 24 HP Virgin 

24 Apr-83 784 43 0 Virgin 

25  Maj-83 786 43 FW Virgin 

26 Jun-83 781 47 FW Virgin 

27 Nov-83 545 32 FW Induced 

28 Dec-83 550 32 FW Induced 

31 Aug-84 586 51 FW Induced 

35 Nov-84 550 32 0 Induced 

36 Feb-85 586 33 FW Induced 

39 Jan-86 793 23 FW Virgin 

40 Feb-86 610 24 FW Induced 

41 Mar-86 610 17 FW Induced 

42 Apr-86 782 35 HW-0 Virgin 

43 Apr-86 784 35 0 Virgin 

Virgin 44  Maj-86 786 35 FW 

46  Okt-86 518 51 FW Induced 

47  Okt-86 518 50 FW Induced 

48 Nov-86 519 49 FW Induced 

49 Dec-86 740 29 FW-0 Virgin 
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Table 4.2 	The date, the locations and the purpose of the rock stress measurements at the 

Kiirunvaara mine. Location abbreviations: HP=Hoisting Plants, FW=Footwall, 

HW=Hangingwall 0=Orebody 

Measure- 

ment  
Date 

Mining  

level [m] 

Y- 

coordinate 
Location Objective  

51 Apr-87 598 28 0 Induced 

54 Dec-87 598 29 HW Induced 

54C Dec-87 598 29 0 Induced 

55 Feb-88 606 19 0 Induced 

56 Mar-88 654 29 0 Induced 

57 Apr-88 654 29 HW Induced 

63 Dec-92 1080 22 FW Virgin 

64 Apr-93 1100 25 HP Virgin 

65  

Dbh 5696 

 	Nov-95 	_ 

Mar-00 

1045  

954 

31  

32 

FW  

HW 

_ _ Virgin_ _ 

Virgin 

Dbh 5696 Mar-00 1085 32 0 Virgin 

Dbh 5696 Mar-00 1200 32 FW Virgin 
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4.2.2 Results 

The results from the stress measurement are presented in three steps. 

Results of all measurements 

All the rock stress measurements are presented without disregarding of the quality of 

the measurements or the disturbance from mining. The results presented here are the 

average values for each hole and not the values from single measurements. This was 

done to minimize the influence of high or low values and thereby simplifying the 

interpretation of the stress data. 

Influence of the mining production 

The influence of the sublevel caving is investigated. Stress measurements conducted 

near the mining production were excluded. 

Results of measurements around 792 m level 

The eleven measurements at approximately the 792 m level have made it possible to 

examine the spatial variation of stresses in the rock mass in a large volume. The results 

are analyzed with respect to the location along the orebody. Furthermore, a statistical 

analysis is carried out to determine the stress state at one level in the mine. 

At the beginning of this project, the intention was to analyze every individual measurement 

and then exclude bad results by checking the linearity and elasticity of the biaxial tests. 

However, examinations of the biaxial tests provided very confusing results where strange 

stress values seem to have good quality biaxial tests and vice versa. Therefore, the massive 

job of doing such an investigation was not continued, as it seemed to give nothing to improve 

the outcome of the analyses. Furthermore, since the author did not participate in the 

measurements special behaviour and phenomenon during the tests and other background 

information are not fully known. Therefore, a result cannot be excluded just because it shows 

a strange value. Because the cores from almost every measurement are missing today, the 

influence of the geology could not be determined. The results presented below are therefore 

based on the experience and judgment of the technicians who carried out the stress 

measurements. 
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(i)  Results of all measurements 

In Figure 4.3 and Figure 4.4, the components of the stress tensor n ew,  o-ns, orv,  
	and 

rns-v have been plotted against true vertical depth, i.e. the depth below ground surface at the 

location of the measurements. The principal stresses are shown in Figure 4.5 and their 

orientations are plotted in a lower hemispherical equal area projection in Figure 4.6. 

The results from hydraulic fracturing (minor and major horizontal stress) have been re-

calculated to stress components o-ew  and  ans  and are shown in the same diagrams as the result 

from the overcoring measurements. The vertical stresses for the hydraulic fracturing 

measurements were calculated using the weight of the overlying rock mass using a density of 

2700 kg/m3. 

Before discussing the results, some comments need to be made on the appearance of the 

figures below. Since the stresses were plotted against the true vertical depth, the 

measurements carried out for example along the level 792 m will not be at the same depth in 

the diagram due to the topography of the ground surface. Furthermore, in order to compare 

the scatter of each stress component the scale of the stress-axis in the diagrams was set to give 

a maximum value of 100 MPa for the normal and principal stresses and to 10 MPa for the 

shear stress components. This creates an illusion that the scatter is smaller then it actually is 

for the normal stress. Finally, the figures showing the shear stress components and the 

orientation of the principal stresses do not include all measurements due to the lack of 

information from the available reports. 

If the results in the diagrams are examined, a large scatter is seen. However, from most of the 

diagrams trends may yet be found. The most interesting overall trends are summarized and if 

possible explained below. 

For the cr,  , the largest scatters occur between 300-500 m depth. This is probably 

because many measurements in this area were carried out in pillars and near the 

mining production. For the o-„, and o-„, this trend is not equally visible. The effect of 

mining production is not as large on these stress components as for crew  (see in the next 

part of this chapter for more details). 

a, shows good agreement with the theoretical value of the pressure of the overlying 

rock, with the exception of a few measurements around 400 m and a value at 900 m. A 

line symbolizing the theoretical stress is included in the diagram of the vertical stress 

component. This is calculated by using the weight of the overlaying rock mass with an 

estimated mean density of 3000 kg/m3  (the density of the waste rock plus a 
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contribution from the density of the ore). This is of course not true for all 

measurements but it probably gives a better estimation of the overall theoretical 

vertical stress then using the density of the waste rock (2700 kg/m3). 

Comparing the magnitudes of principal stresses with the normal stress components it 

seems like  cri  corresponds to crew, while cr2  and cr3  are more difficult to assign to either 

of the other stress components. This may also be confirmed by looking at the 

orientation of the principal stresses. 

- 	csi is extremely high for two values, made at the mining levels 1045 m and 1080 m, 

(900 m below surface). 

- 	The results from the hydraulic fracturing measurements indicate a lower stress state 

than the results from the overcoring measurements. 
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Figure 4.4 Shear stress components r -ew-nse rew-ve and r -ns-ve as a function of the true vertical depth (only overcoring measurements). 
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(h)  Influence of mining the production 

Quintero (1998) and  Sjöberg  et al. (2001) have shown that the mining method creates 

disturbances of the stress field. When the ore is extracted, the stress field redistributes and 

creates stress concentrations under the production level illustrated in Figure 4.7. Therefore, 

the measurements close to mining production are most likely disturbed. 

Figure 4.7 The redistribution of the stress field due to low stiffness of cavity  (Sjöberg  et al., 

2001). 

In order to examine how much the locations of the stress measurements have been affected by 

this, a global 2D-model of the mine was set up using FLAC (ITACSA ,2000). The model, 

seen in Figure 4.8, is similar to the model used by  Sjöberg  et al. (2001). 

ay = ayy 

ri7  OH = 6. 

2100 m 

Figure 4.8 Global two-dimensional model used for calculation of the redistribution of 

stresses the field. 
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The model is 3000 m wide and 2100 m high. The boundary conditions consist of roller 

boundaries at both sides and at the base of the model, while the ground surface is free from 

constraints. The virgin stresses have been applied by initializing stresses in every element; 

setting gravity and stepping the model to equilibrium (to take taking the effect of density and 

stiffness into account). The mechanical properties used for the analyses are shown in Table 

4.3. 

Table 4.3 	Mechanical properties used in global model (after  Sjöberg  et al, 2001). 

Location Density,p 

[kg/m3]  

Elastic modulus, 

E  IGPa] 
Poisson's ratio, v 

Footwall 2800 70 0.27 

Ore 4700 65 0.25 

Hangingwall 2700 70 0.22 

Seven production levels were simulated for this purpose. This does not represent all levels 

that were active at the time of the stress measurements, but is enough to examine the 

influence of the mining on the stresses. The simulated levels are 

1. 470 m, representing level 467 m 

2. 510 m, representing level 509 m, 514 m and 528m 

3. 550 m, representing level 538 m, 550 m and 562 m 

4. 570 m, representing level 574 m 

5. 650 m, representing level 650 m 

6. 710 m, representing level 713 m 

7. 820 m, representing level 820 m 

The caved area was simulated with no fill. The correctness of this was examined by  Sjöberg  

et al. (2001). They found that the caved rock influenced the vertical stresses near the 

production level but for the major principal stress and the major horizontal stress, the effect 

was negligible. 

In this case, an elastic model was used to calculate the relative stress increase induced by the 

mining production. With a plastic model, the plasticity of the rock mass around the production 

level would probably have caused the stress field to be redistributed farther away from the 

caved area, and consequently would have reduced the magnitudes of the maximum stresses 

near the production level.  Sjöberg  et al., (2001) showed that the effect of plastic flow is not 
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significant at a large distance from the production area, which implies that it is not meaningful 

to use such analyses at this stage. 

As expected, the results of the global elastic model showed that the virgin stresses were 

strongly influenced by the mining production. To quantify this disturbance, axx  was recorded 

before and after mining, at three reference lines parallel to the orebody, shown in Figure 4.9. 

Undisturbed stress state 
	

Disturbed stress state 
	CS, = (Syy  

Reference lines 

Figure 4.9 Locations of the reference lines used for calculating the relative disturbance, Au. 

The relative stress increase, du, due to the mining was defined as 

. Au  = crdsi — . 	100%  (4.12) 

where olndis = undisturbed stress field (axx  before mining) 

craw = disturbed stress field (a.„ after mining) 

In Figure 4.10, the relative stress increase is shown at the three reference lines for one of the 

simulated production levels (570 m). It can be seen that the relative stress increases are 

approximately the same along all three lines. 

Since the model was run under elastic conditions, the relative stress increase, Au, would have 

been the same regardless of the stress conditions applied at the boundaries. This means that 

Figure 4.11, which shows the relative stress increase in the footwall for all the simulated 

mining levels, could be used to distinguish which measurements should be considered 

representative for the virgin state of stress. 
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Relative stress increase PM 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 

' —0—Prod. Level 570 
[m], Footwall  

—X—  Prod. Level 570 
[m], Ore 

—0—Prod. Level 570 
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Figure 4.10 The relative increase of (ix, at lines parallel to the orebody (20 m into the 

footwall, in the middle of the ore and 20 m into the hanging wall), due to the 

mining down to the level of 570 m. 

Relative stress increase [%] 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 

-300 	 

Figure 4.11 The relative increase of the o-x,  (the increase before and after the ore is 

extracted) due to induced stresses of the seven different production levels, at a 

line parallel to the orebody and 20 m into the footwall. 
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As can be seen in Figure 4.11 all results are more or less affected by the stress redistribution 

caused by the caved area, so a criterion had to be defined to identify which measurements 

could be used as a representative measurement for the virgin stress field and which were too 

disturbed. A relative increase of the major horizontal stress (= o-) ) due to the stress 

redistribution, which does not exceed 10 %, was defined as acceptable. This corresponds to a 

critical distance below the production levels, which in Figure 4.12 is shown as a function of 

current production level. The irregularities of the curve depend on the geometry of the 

excavation sequence in the model. However, this does not affect the criteria. The irregularities 

could in fact reflect the disturbances that are obtained in reality caused by an irregular shape 

of the footwall. 

Undisturbed zone, 
cy. <10 °A 

350 	  

Figure 4.12 The distance below the production level where the relative increase of the cj,. 

component is 10 % due to the mining production. 

Table 4.4 shows the complete list of the relative stress increase for every stress measurement, 

and hence which measurements were chosen to represent the virgin stress field according to 

the criterion. All locations, which do not meet the requirement set in the criterion, were 

excluded and assumed not to represent the virgin stress field. 
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Table 4.4 	Stress measurements and the relative stress increase due to mining production. 

Relative stress increase less than 10 % results in a YES in the Undisturbed?-

column. (HP=Hoisting Plants) 

Measurement 
Mining  

level [m] 

Produc-

tion level [m] 

Distance below 

the production 

level [m] 

Relative stress 

increase 

of the ci„,1%] 

Undisturbed? 

1 957 HP HP 0 YES 

2 957 HP HP 0 YES 

7 502 467 35 50-60 

8 502 467 35 50-60 

10 784 509 286 6-7 YES 

11 420 HP HP 0 YES 

12 420 HP HP 0 YES 

13 791 509 286 6-7 YES 

19 610 467 271 20 

20 738 467 271 6-8 YES 

21 781 509 272 6-8 YES 

22 922 HP HP 0 YES 

23 922 HP HP 0 YES 

24 784 509 275 6-8 YES 

25 786 509 286 6-8 YES 

26 781 491 304 5-7 YES 

27 545 528 17 75-110 

28 550 538 12 75-110 

31 586 521 65 50-75 

35 550 538 12 75-110 

36 586 562 24 80-140 

39 793 550 245 8-9 YES 

40 610 550 60 60-70 

41 610 538 72 40-70 

42 782 550 232 9-11 YES 

43 784 550 234 9-11 YES 

44 786 550 236 9-11 YES 

45 800 550 250 8-9 YES 

46 518 538 0 75-110 

47 518 538 0 75-100 

48 519 538 0 75-100 
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Table 4.5 	Stress measurements and the relative stress increase due to mining production. 

Relative stress increase less than 10 % results in a YES in the Undisturbed?-

column. (HP=Hoisting Plants) 

Measurement 
Mining 

level [m] 

Production 

level [m] 

Distance below 

the production 

level  Erni  

Relative stress 

increase 

of the cru  IN] 

Undisturbed? 

49 740 550 190 13-15 YES 

51 598 574 24 100-125 

54 598 538 60 30-60 

54C 598 550 48 50-60 

55 606 550 56 40-50 

56 654 550 104 25-30 

57 654 538 116 25-30 

63 1080 650 430 2-3 YES 

Figure 4.13 to Figure 4.16 show the undisturbed measurements. The main difference between 

results from undisturbed measurements compared to the results from all measurements is the 

reduced scatter around 400 m. Because none of the measurements around 792 m level has 

been excluded, the largest scatter is now seen at 600-700 m below surface. However, the 

variation of the orientations of the principal stresses is not reduced. 
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Figure 4.13 The normal stress components, cr,,„ cr,„ and cs,,, as a function of true vertical depth (only undisturbed measurements). 
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(iii) Results of measurements around 792 m level 

As mentioned at the beginning of this chapter, rock stress measurements have been carried 

out at eleven sites along the orebody around the level of 792 m. In total 111 individual stress 

measurements have been conducted at these sites. According to the analyses described above, 

all measurements at this level can be seen as undisturbed by mining production. 

Consequently, the results of these measurements could be used as indicators of the variations 

of the virgin state of stress. In order to study the stress state at one level and to quantify this 

variation this part presents a detailed assessment of the stresses. The data have been evaluated 

using two different approaches. 

A. Analyses of the average stresses at these 11 locations, with purpose of finding 

differences between the locations.  

B. Analyses of the 111 individual measurements, with the purpose of presenting the total 

variation for a single level at the mine. 

Note that the objective of this report is to determine a regional stress state at the mine. This 

implies that these types of analyses can be made although the stress measurements have been 

carried out in different geological settings 

Site characteristics 

The sites of the measurements were grouped at the locations  Y  24,  Y  35 and  Y  44 at the level 

of 792 m, and stresses were measured in footwall, ore and hangingwall. In addition, one 

measurement was made around  Y  47 at the level of 795 m and one at  Y  45 at 800 m. All 

locations are seen in Figure 4.17. The overburden varies between 600 and 690 m due to the 

elevation of the ground surface. However, as was shown in Chapter 3 the influence of the 

ground surface topography is rather limited at this depth, especially for the horizontal stresses. 

Therefore, this fact is assumed to have little effect on the outcome of the analyses. The 

measurements in the hangingwall were carried out at the cross cuts driven from the 

development drift to the exploration drift. The development of the production drifts had not 

commenced at this level when the measurements were carried out, meaning that the 

disturbances due to drifts were most likely small. The main objectives with these 

measurements were to investigate the virgin stress field, and to observe possible changes in 

stresses along the orebody and between footwall, ore and hanging wall. 
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The structural geology at the level has been reported by  Rådberg  (1991). For the location of 

the measurements, the following characteristics were found. 

Y24 	The area is dominated by fractured zones parallel to the orebody with fillings of 

chlorite and pyrite. Some larger gouges (> 10 cm) also occur. The drifts in the 

area were heavily reinforced with shotcrete and shotcrete arches. The block size 

of the rock mass ranged from 20 cm to greater than 60 cm. 

Y35 	No gouges or fractured zones were found in the area and the block size was 

mostly > 60 cm. 

Y44 	No gouges or fractured zones were found in the area and the block size was 

mostly > 60 cm.  

Y  47 	No available information. 

The dominating joint sets were the same as those typical for the mine (see Figure 2.7 in 

Chapter 2) and approximately the same for all sites. 

Approach A 

In order to study the differences along the orebody the average stress components (Crew, Crns ay, 

rew-ns, rew-v, and 7- 1 as well as the average principal stresses with its orientations were plotted -ns-v, 

as functions of the y-coordinate in Figure 4.18 and Figure 4.19. Each point (measurement) in 

the diagram was given different color depending on the location of the measurement 

(footwall, orebody or hangingwall). 

Regarding the magnitudes of the normal and the principal stresses, it is difficult to identify 

any general trend along the orebody. However, the magnitudes measured in the footwall are 

generally higher than those in the hangingwall or the orebody. This could be explained to 

some extent with the higher density of the orebody, which affects the stress magnitudes 

especially in the vertical direction. The orientation of the major principal stress seems to 

rotate from NE-SW direction at  Y  23, to EW at  Y  34 and then to SE-NW direction at  Y  44. 

The intermediate and minor principal stresses have a more random orientation with respect to 

location along the orebody. 



Figure 4.17 Locations of stress the measurements at leve I 792 m 
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Figure 4.18 Stress components do-ewe 	 7 — 	—  ns  — erv, ew-ns, rew-ve and 	at level 792 m. 
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Figure 4.19 The principal stresses 0-1, 05 and cr3  at level 792 m 
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In Figure 4.20 to Figure 4.22, the variations of the normal stresses within each location are 

shown using scatter plots. It can be seen that the variation is almost as large within the 

measurements as between them, approximately 10 - 20 MPa irrespective of which stress 

component and stress measurement is considered. Note that this also applies to the vertical 

stress o-v, which often is assumed constant (equal to the pressure of the overlying rock). 

Studying these plots, it may seem natural to exclude some of the individual stress 

measurement to reduce the variations. However, knowing that obviously unreliable data were 

already discarded during the measurement and that the information of the measurements is 

insufficient (e.g. lack of geological information), there is no need to reduce the stress data 

afterwards. In fact, it may even be wrong to do such a reduction as the variation may reflect 

changes in the natural stress state. Furthermore, a reduction in a statistical sense is also 

pointless because of the few measurements at each location. The rule of thumb is that at least 

10 -15 data are needed to carry out statistic analyses to find non-representative values 

(Vännman, 2002). 
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Figure 4.20 Scatter plot of the (yew, for all measurements around 792 m. 
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Figure 4.21 Scatter plot of the o-,,„ for all measurements around 792 m. 
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Figure 4.22 Scatter plot of the o-„, for all measurements around 792 m. 

Approach B 

To put numbers on the variations of the measured stresses at the regional scale, a statistical 

analysis was conducted including all of the 111 individual stress measurements. As was 

mentioned above, it is likely that the stress measurements have been carried out in different 

geological environments. This implies that the calculated variation is larger than the variation 

at each location, which can be confirmed if the scatter plots of the normal stresses in Figure 

4.20 to Figure 4.22 are compared with the scatter plots of all 111 individual stress components 

in Figure 4.23. However, assuming all stress measurements originate from the same regional 

stress state, the calculated statistics would still provide a good description of the regional 

virgin state of stress. 

Scatterplot  

Stress components 

Figure 4.23 Scatter plot of the stress components, all stress measurements at 792 m included. 
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The first step of the analysis was to examine the data for outliers (extreme values). In order to 

sort out the outliers, Box-and-whisker plots (or box plots) were used (see Figure 4.24). The 

box plot is a graphical display that simultaneously describes several important features of a 

data set, such as median, scatter, departure from symmetry and as mentioned outliers. The box 

encloses the interquartile range, with the lower edge at the first quartile, the upper edge at the 

third quartile. The line through the box is the second quartile or median. The lines (or 

whiskers) that extend from each end of the box are drawn to the smallest data point within 1.5 

times the interquartile range from the first and third quartile respectively. Data farther away 

from the box than the whiskers, plotted as individual points, are the outliers. Data points more 

than 3 times the interquartile range are named extreme outliers. 

Box-and-Whisker Plot 
70 

60 - Outliers 

50 - 

0- 40 - 

g 30 Third quartile 
Whisker 

20 Interquartile range Median 	l> 

10 - First quartile 

0  

Figure 4.24 Example of a Box and Whisker Plot (showing  ans.).  

The box plots were used for all stress components. Ten outliers were found and excluded 

from the data set meaning the data were now reduced to 101 measurements. For the remaining 

measurements, the stress components were plotted in histograms shown in Figure 4.25 to 

Figure 4.30 and statistic quantities were calculated (see Table 4.6). 
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Figure 4.25 Histogram of the east-west normal stress component,  c,  at mining level 792 m. 
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Figure 4.26 Histogram of the north-south normal stress component, crns, at mining level 792 
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Figure 4.27 Histogram of the vertical normal stress component, cry, at mining level 792 m. 
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Figure 4.28 Histogram of the shear stress component, rew-ns, at mining level 792 m. 
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Figure 4.29 Histogram of the shear stress component, r„,, at mining level 792 m. 
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Figure 4.30 Histogram of the shear stress component, re„_,, at mining level 792 m. 
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The histograms indicated normal distributions for all stress components, except for o-e.  A Chi 

square test, which is a test for normality, also confirmed this indication. The reason why o-„ is 

not normally distributed can be related to several aspects. It can be the influence of the 

topography, the different densities of overlying rock (mixture of magnetite and waste rock) 

and that the principal stresses are not horizontal or vertical but inclined, which give an 

increase of the stress component in the vertical direction (see Figure 3.14). 

Table 4.6 	Statistic data for the stress components from measurements at level 792 m. 

Statistics 0-e-w 0-n-s  av  rns-ew rew-v rns-v 

Average 22.2 18.1 20.7 -0.8 0.2 0.0 

Standard error 0.7 0.7 0.7 0.4 0.6 0.4 

Median 21.6 18.5 19.6 -0.7 -0.4 -0.6 

Standard deviation 7.0 6.6 6.8 3.8 5.7 3.7 

Minimum 6.0 2.7 9.3 -9.6 -13.7 -9.1 

Maximum 38.3 33.9 38.0 10.4 13.6 8.5 

Count 101.0 101.0 101.0 101.0 101.0 101.0 

The statistical analyses show that the averages of the stress components crew, crns  and cr, have 

approximately the same magnitudes and that the shear stresses are small. However, the 

standard deviations as well as the variation range between the minimum and maximum values 

are large and approximately the same for all normal stress components. Calculating the 

magnitudes and orientation of the principal stresses (the eigenvalues and the eigenvectors of 

the stress tensor according to Chapter 3.2) out of these average values gave an almost 

horizontal-vertical principal stress state with magnitudes and orientations according to Table 

4.7. 

Table 4.7 	The average principal stresses calculated from the average of the normal stress 

and shear stress components. 

Statistics 0-3 cr2 cr3  

Average 22.4 20.7 18.0 

Dip  Dir.  280.6 107.2 10.7 

Dip 6.7 83.6 0.8 

The magnitudes of the calculated principal stresses show an almost hydrostatic stress state, 

which does not agree with the magnitudes or the orientations of the measured principal 

stresses at this level (see in Figure 4.31). 
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These confusing results can be explained by the definition of the stress tensor described in 

Chapter 3. When the principal stresses with different orientations are transformed into normal 

stresses with reference to a Cartesian coordinate system, the shear stresses that appear will 

vary between negative and positive values (see Figure 4.28 to Figure 4.30) and the average 

values of the shear stresses become approximately zero. 
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4.3 	Stress indicators 

In this part, stress indicators are presented. These cannot be seen as stress measurements in 

the meaning that magnitudes and orientations are measured directly. The indicators presented 

below, are instead markers of the orientations and the relative state of stress in different 

regions of the mine. 

4.3.1 Hydraulic fracturing tests (unsuccessful) 

Within this project, tests with hydraulic fracturing were carried out in the exploration 

boreholes at level 1060 m. Due to technical problems only one of about fifteen tries resulted 

in an initiation of a fracture. However, existing joints were opened at six places (so called 

jacking), meaning a measurement of the stress normal to the plane was obtained. 

Unfortunately, the orientation of these fractures could not be examined. This means the results 

from the tests can only be used as stress indicators and not as stress measurements. 

However, assuming a vertical orientation of the initiated fracture the minor horizontal 

stress, crh, and the major horizontal stress, crH, could be estimated using the Equation 3.3 - 3.5 

to be equal to 21.9 MPa and 40.7 MPa respectively (see Table 4.8). This corresponds to 

expected values at this level. In those cases where a natural joint was opened the reopening 

pressure, Pr  varied between 21 MPa and 26 MPa, i.e. approximately the same as the 

reopening pressure for the initiated fracture. 

Table 4.8 	Data from the hydraulic fracturing tests 

Mining 

Depth 

Imi  

Real 

Depth 

Im]  

Location 
V. 

coordinate 
Ps  Pr  Pb at  ab  an 

1091 961 Hangingwall 20 - 22 - - - 

1101 971 Hangingwall 20 21 - - 

1156  1  1026 Hangingwall 20 21.9 25 32.2 7.2 21.9 2  40.7 2  

1318 1188 Hangingwall 20 26 - - 

1085 975 Hangingwall 25 - 23 - - - 

1096 986 Hangingwall 25 - 24 - - - 

1117 1017 Hangingwall 25 - 23 - - - 

1  Fracture was initiated. 

2  The calculated values are only valid if the fracture is assumed to be sub-vertical to the borehole. 
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4.3.2 Macro seismic events 

In order to survey possible violent instabilities in the footwall a macro seismic system was 

installed by CANMET in April 2000 (Henry, 2002). The system has the ability to locate the 

origin of seismic energy releases and to analyze the source failure mechanisms. During an 18-

month period 235 seismic events occurred, mostly far away from the production areas, but 

close to the infrastructures, see Figure 4.32. All activity was located below elevation 698 m, 

which indicated that no violent movements occurred in the upper part of the footwall. The 

bulb-like pattern of events seems to occur in areas of high stress caused by the stress 

redistribution under the caved area which was identified in the numerical analyses. 

Caved  anging Vafl 

Hanglrig 	all  
e 

Foo 	pll  

Figure 4.32 Location of the seismic events registered between April and December 2000 and 

sensors installed, (Henry, 2001). 

Focal mechanism analysis on the events could provide information about the orientations of 

the principal stresses (Plouffe et. al. 2001). The analyses conducted within this seismic project 

showed that o-/  was orientated roughly North-South and vertical, 0-2  roughly East-West and 0-3  

mostly vertical although there was a large dispersion. This corresponds poorly with the results 

from the stress measurements. 
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4.3.3 Failure observations 

Failure observations in the field may also be used as indicators of the stress orientation and 

the relative stress state. Breakouts in boreholes and in shafts can be used to find the 

orientation of the maximum and minimum stress. Spalling of the walls due to stress 

concentration produces v-shaped bulges in the circular cross section from which the 

orientation of the major and minor horizontal stresses can be determined. The breakouts occur 

in two diametrically opposed zones along the direction of the minimum horizontal stress 

(Figure 4.33). 
ah  

Breakout 

Breakout  

ah  

Figure 4.33 Breakout in circular cross section subjected to major and minor horizontal 

stresses. 

Both breakouts in circular holes and the spalling creating "ears" have been observed in the 

mine. By continuous inspection of the ore passes, an increase in ore pass width has been 

observed which indicate an east —west orientation of the major principal stresses (Dahndr, 

2000), see Figure 4.34. This is a good indicator of the orientation of the major principal stress, 

in our case perpendicular to the orebody. One exception to these observations was seen at the 

southernmost part of the mine where the breakout was rotated 90 degrees. This reorientation 

may be explained by the stress redistribution at the ends of the large cave that has been 

created. 
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Figure 4.34 Increase in ore pass width as measured from ore pass inspections, modified after  

Sjöberg  et al. (2002). 

4.3.4 Geological Indicators 

Geological structures such as faults, folds etc. have long been used by geologists and 

geophysicists as indicators of paleostresses, i.e. stresses previously active. Using this 

technique to decide the orientation of the current state of stress should be approached with 

caution, since the stresses may have been changed over time due to tectonic events, erosion, 

glaciations etc. (Stephansson and Amadei, 1997). However, at least the fault orientation may 

provide the orientation as well as the order of the paleostresses in the past by comparing it to 

the three faulting modes seen in Figure 4.35. The orientations of the faults in Kiirunavaara 

were reported by Magnor and Matsson, (2000). They stated that the most common 

orientations are those striking WNW-ESE and steeply dip to the south. The movement of this 

fault correspond to a strike-slip stress regime. Hence, this also suggests that the major stress 

was approximately horizontal and that the intermediate stress was vertical. 
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Figure 4.35 Different fault modes, which can be used to decide the orientation and order of 

the paleostress components, (vvww.wsm.com, 2003). 



91 

4.4 	Validity of the results 

In order to examine if the stress situation at Kiirunavaara is realistic, the proposed state of 

stress at Kiirunavaara has been compared to stress models that have been developed for the 

earth's crust and for the Fennoscandian Stress Data Base. Furthermore, the observed variation 

has been compared to the variation at other sites where large stress measurement campaigns 

have been carried out. The assumed orientation of principal stresses at the mine has in 

addition been compared to the orientation given by the World Stress Map, which is a database 

where information about the stresses and their orientations is assembled. 

4.4.1 Comparison to the Fennoscandian Rock Stress Database (FRSDB) 

Stephansson (1993) presented a compilation of the stress measurements made in 

Fennoscandia (Sweden, Norway and Finland). The compilation was based on results from 120 

sites with more than 500 entries. The stress measurements were carried out using overcoring 

methods as well as hydraulic fracturing, and all measurements disturbed by mining activity 

were omitted. Regression analyses were carried out to define stress relationships versus depth 

for stresses measured with hydraulic fracturing and overcoring. For the hydraulic fracturing 

method, the maximum and the minimum horizontal stress were expressed as 

o-  = 0 040,  + 2 8 	 (4.13)  

c  rh  = 0.024z + 2.2 	 (4.14) 

where z = depth below surface. For the overcoring method, the stress relationship was defined 

using principal stresses as 

cr, = 0.037z +10.8 	 (4.15) 

0 2 = 0.029z + 5.1 	 (4.16) 

a, = 0.020z + 0.8 	 (4.17) 

In order to compare these results with those obtained in Kiirunavaara, the expressions in 

Equations 4.13 — 4.17 were plotted in the stress-depth diagram in Figure 4.36 together with 

the measured principal stresses in Kiirunavaara. To compare the expressions from hydraulic 

fracturing with the principal stresses an expression for the vertical stress had to be assumed. 
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Since the density of the overlying rock for most of the measurements is more than 2700 kg/m3  

due to the density of the ore, the vertical stress was expressed as  

c„ = 0.030z (4.18) 

According to the expressions for the hydraulic fracturing, the vertical stress shifts from being 

the minor principal stress to being intermediate principal stress around 370 m, while vice 

versa is applicable for the minor horizontal stress. From this Figure, it can be seen that the 

magnitudes of the stresses at Kiirunavaara do not differ significantly from the general state of 

stress obtained in the rest of Fennoscandia. 
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Figure 4.36 Comparison of the results from Kiirunavaara and the results of the state of stress 

in Fennoscandia. 
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4.4.2 Comparison to Shoety's stress model in earth-crust 

Shoery (1994) derived a simplified expression for estimation of the mean horizontal to 

vertical stress ratio,  K,  in the earth's crust, which is defined as 

K = 0.25 + 7E40.001+ —
1) 

where  

z = the depth below the ground surface in meters 

Eh  = the average deformation modulus of the upper part of earth's crust measured in a 

horizontal direction in GPa 

The applicability of this Equation was shown for several stress measurement results from 

different parts of the world. In Figure 4.37, a range of the deformation modulus is plotted with 

the results from the undisturbed stress measurements in the Kiirunavaara mine. 

Because of the variation of the orientations of the principal stresses, the  k-ratio of the point in 

the diagram was expressed as  

k = al  +19-3  
2a, 

(4.20) 

where al  and (73  were assumed to be the horizontal stresses and a2  the vertical stress. Figure 

4.37 shows that just about all values fall within the curves corresponding to a deformation 

modulus between 30 GPa and 70 GPa, which approximately is the measured deformation 

modulus of the stress measurements (average value = 58 GPa). This implies that this model 

seems to be appropriate also for the stresses in Kiirunavaara. In addition, the results from 

Kiirunavaara do not differ from the results from other sites. Furthermore, according to this 

model the ratio between the horizontal and vertical stress will decrease with depth. 

(4.19) 
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Figure 4.37 The vertical to horizontal stress ratio based on Shoerey's equation together with 

the results from the stress measurements in the Kiirunavaara Mine. 

4.4.3 Comparison of the measured stress variations to other sites 

Underground Research Laboratory, Canada 

One of the best-documented case studies on rock stresses has been conducted at the 

Underground Research Laboratory  (URL)  in Canada. A large number of stress measurements 

have been made in order to characterize the in situ stress around the  URL  as well as to find 

answers to common questions regarding stresses and stress measurements in hard rock. 

Measurements have been made with the hydraulic fracturing and the overcoring methods. The 

results from the stress measurements are summarized in Martin and Simmons (1993). In 

Figure 4.38 the 0/  and c12 measured from the  URL  are shown. The stresses at  URL  are 

compared with the average horizontal stress in the Canadian Shield. As can be seen the 

variations are large (more than 10 MPa at all levels) and the stresses are generally higher than 

the relationship for the Canadian Shield. The high stress levels were explained by the fracture 

zones marked in Figure 4.38. The stresses measured at  URL  show similar scatter in 

magnitudes as those measured in Kiirunavaara. 
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Figure 4.38 (a) Summary of the al  and o-2  measured from the  URL  and  (b)  the cr i :al ratio. 

The extreme and normal lines are from the database for the Canadian shield 

(after Martin and Simmons, 1993). 

Äspö HRL, Sweden 

Similar to the  URL  in Canada, SKB (Swedish Nuclear Fuel and Waste Management Co) have 

done a detailed study of the stress state at Äspö hard rock laboratory in southern Sweden. The 

measurements were also in this case made with overcoring and hydraulic fracturing. The 

results from these measurements have been evaluated by Lundholm (2000) and Hakami et al. 

(2002). In Figure 4.39 the results of the maximum and minimum horizontal principal stresses 

are shown. The results show similar variation as was seen at the  URL  or at Kiirunavaara. The 

major difference between Äspö and the result from Kiirunavaara is the variation of the 

orientations. The measured orientations at Äspö are more consistent. 
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Figure 4.39 Summary of the maximum and minimum horizontal principal stresses, measured 

at the  URI.  (Hakami et al., 2002). 

4.4.4 Comparison to the World Stress Map 

The World Stress Map (WSM) is a global database of existing tectonic stresses in the Earth's 

crust, which is available via the Internet  (Reinecker  et al., 2003). The WSM was started in 

1986 to compile and interpret data on the orientation and relative magnitudes of the current in 

situ stress field. In 2003, the database contained more than 13000 quality-ranked data sets. 

To determine the tectonic stress orientation different types of stress indicators are used in the 

World Stress Map. They are grouped into four categories: 

1. Earthquake focal mechanisms (63%) 

2. Well bore breakouts and drilling induced fractures (23%) 

3. In-situ stress measurements (overcoring, hydraulic fracturing, borehole slotter (9%) 

4. Young geologic data (from fault slip analysis and volcanic vent alignments (5%) 

The stress maps are available for all continents and for some specific regions. In Figure 4.40 

the stress map for Scandinavia is presented. The stress maps display the orientations of the 
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maximum horizontal stress. The length of the stress symbols represents the data quality, with 

A as the best quality category. A-quality data are believed to record the orientation of the 

horizontal tectonic stress field to within 10°-15°,  B-quality data to within 15°-20° and  C-

quality data to within 25°.  D-quality data are considered to yield questionable tectonic stress 

orientations (Zoback, 1992). The tectonic regimes are: NF for normal faulting, SS for strike-

slip faulting,  TF  for thrust faulting and U for an unknown regime. 

The stress map shows that the directions of the maximum horizontal stress vary significantly 

over Scandinavia. However, the orientations inferred from focal mechanism of seismic event 

are uniform and indicates an orientation of NW — SE. According to Stephansson (1993) the 

irregular stress directions in Scandinavian could be due to the irregularity of the fracture 

patterns in the Precambrian rocks or stress changes near faults. 

Comparing these directions with those of the major principal stresses in Kiirunavaara, the 

directions seen at Kiirunavaara seem to have a more  E-W trend. 
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99 

4.5 	Definition of stress relationships 

Because of the scatter among the measured orientations of the principal stresses it is not 

straight forward task to define stress relationships. From a mathematical point of view a stress 

relationship versus depth can only be defmed when using the normal stress components 

referred to a Cartesian coordinate system (Chapter 3.2). On the other hand, in an analysis it is 

often the magnitude of the principal stresses that controls the extent of failures in the rock 

mass. Therefore, in this section stress relationships are derived both from the normal stress 

components and the magnitudes of principal stresses despite the latter is mathematically 

incorrect. 

To define such stress relationships, regression analyses were carried out using all results from 

the measurements except the extreme values from the overcoring measurements at 1045 m 

and 1080 m. The stress relationships were defined as functions of real depth below ground 

surface. Because of the varying topography, few measurements at shallow depth and to 

prevent that the stress relationships give tension at the ground surface, the stresses were set to 

be equal to zero at the ground surface. Therefore, the relationships are only valid for depths 

below the 400 m level, which are equal to the depth of the shallowest measurements. The 

relationships derived from the regression analyses are shown in Equations 4.21-4.26 for the 

normal stress components and in Equation 4.27-4.29 for the principal stresses. 

= 0.037z 

o-, = 0.029z 

(R2=0.54) 

(R2=0.32) 

(4.21) 

(4.22) 

= 0.028z (R2=0.26) (4.23) 

= 0.0015z (R2=0.005) (4.24) 

= —0.0018z (R2=0.05) (4.25) 

=- —0.003z (R2=0.06) (4.26) 

o = 0.041z (R2=0.35) (4.27) 

o-2  =0.031z (R2=0.60) (4.28) 

0-3  =0.021z (R2=0.23) (4.29) 
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The term R2  in the Equations is called the coefficient of determination and shows the 

percentage of the explained variation (by the linear regression) compared to the total variation 

of the model. Hence, for these regression analyses 55 % of the variation in o-„, 32 % of cr, 
and 26 % of the  o-ns  may be explained by the variations of the depth. For the shear stresses this 

value is even lower which indicates that the variation in shear stresses can not be explained by 

the variation in depth. Since shear stress affects the orientation as well as the ratio between the 

principal stresses, it suggests that the orientation and the ratio may vary independently of the 

depth. For the principal stresses R2  is highest for o-2  and lowest for the o-3  indicating that the 

scatter in the results is largest for cr3. 

Furthermore, the results show that a and o-2  are approximately equal to the theoretical 

vertical stress (density of the ore is considered). The relationships for o-, and o-/  versus depth 

are similar to the maximum horizontal stress for Fennoscandia (see Equations 4.13 and 4.15). 

In addition, the relationship for o-3  is similar to the minimum horizontal stress for 

Fennoscandia while  o-ns  gives slightly higher stress magnitudes. 

Since the stress relationship for  o-ns  and o-„ are similar, this could be an explanation to the 

scatter of the measured orientations of o and 0-2. 

To compare the two ways of defining stress-depth relationships, the magnitude of the 

principal stresses have been calculated at 1000 m below ground surface using Equations 4.21-

4.26 for the stress components and Equations 4.27-4.29 for the principal stresses (see Table 

4.9). 

Table 4.9 	Calculated principal stresses and normal stresses at 1000 m below ground 

surfaces using Equations 4.21-4.29 

Stress 
relationship 

based on 

Io-i 
Magnitude 

rmpal  . 	,. 	. Dip mr./Dip Magnitude 
Empal  

0.2 

. 	. 	. Dip dir./Dip. Magnitude 
Empai  

(73 

rs. 	,. 	,„. ,....qp dir/Dip. 

Normal stress 
components 38 259/19 29 143/52 26 2/32 

Principal 
stresses 41 - 31 - 21 - 

A slightly higher magnitude of cs3  and a slightly lower magnitude of cr and o-2  are obtained 

when using the relationships for the stress components. Furthermore, no orientation of the 

principal stress can be defined for the stress relationship based on the principal stress 

magnitudes. 
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5 	SIGNIFICANCE OF A VARYING STRESS STATE 

5.1 Introduction 

The previous chapters have revealed that large variations in virgin state of stress may occur in 

a place like the Kiirunavaara Mine. The rock stress is though not the only parameter showing 

a considerable spatial variation. Because of the heterogeneous rock mass, large variations can 

also be observed in parameters such as the stiffness,  uniaxial  compressive strength, friction 

angles and cohesions of the rock mass, orientations of joints etc. All these variations create 

doubts when to choose input data for a rock mechanics analysis. 

Consequently, it is under these circumstances the results of the stress measurements must be 

judged. Adding the costs and difficulties that are associated with stress measurements in 

general (see Chapter 3), it became obvious that the problem about the uncertainty in rock 

mechanics analyses can not only be solved by carrying out more stress measurements. This 

chapter will therefore investigate the significance of a varying stress state by asking a number 

of questions such as 

• What accuracy of the virgin stress state is required in order to carry out reliable 

stability analyses at the Kiirunavaara mine? 

• In what way will the uncertainty of other parameters such as stiffness and rock mass 

strength influence the result of rock mechanic analyses? 

• In what way will an uncertainty in the state of stress affect the design of drifts and 

facilities and the reinforcement of these in practice? 

In order to find answers to these questions, the consequences of a varying stress state have 

been compared to consequences of variations in other parameters such as rock mass strength 

and rock mass stiffness by studying the behaviour of an excavation. This has been done using 

three different types of analyses that are presented in this Chapter. 

First, the significance of the stress variations is analyzed using a conceptual model where the 

behaviour of a horseshoe-shaped excavation is studied. This involves a series of numerical 

simulations in which each significant parameter is varied between its maximum ranges. 

Secondly, the same type of methodology is used to examine the behaviour of a drift at 

Kiirunavaara. For that reason, the stress redistribution caused by the mining production is 

included in the analyses. 
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Finally, a simple probabilistic approach is employed. With this approach, an illustrative 

example is given where the input parameters as well as the results are expressed with a 

statistical distribution instead of a single value. 

The behaviour of the analysed excavations is quantified by different indicators such as 

initiation of failure, development of shear bands, width of plastic zone and the rock mass 

response using the Ground Reaction Curve. 

The design of the models and the used input for all analyses in this Chapter has aimed at as 

much as possible to resemble the measured parameters and the design of the underground 

constructions at Kiirunavaara. However, it is important to remember, the results should only 

be seen as trends showing the significance of different parameters. 
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5.2 Conceptual analyses 

5.2.1 Model set up and analyzed parameters 

The conceptual analyses were made using the finite difference program FLAC (ITASCA, 

2000). A simplified picture of the model set up is shown in Figure 5.1. The design of the drift 

was chosen to resemble the actual design of the development drifts in the Kiirunavaara Mine, 

i.e. a width of 7 m and a height of 6 m, where the abutment starts at 4 m. The shape of the 

drift made it possible to use a half symmetric model. Around the drift, a zone was generated, 

within which it was possible to change the stiffness. The size of the area was set to 15 m  x  10 

m. The boundary condition consisted of rollers, and applied horizontal and vertical stresses. 

The size of the model was selected to 150 m  x  100 m, so that the effect of the boundary would 

be minimized. 

Symmetry line 
100 m 

Figure 5.1 The model setup for the continuous analyses in FLAC  

In order to speed up the simulations, the stresses were first initiated into the model and then 

applied at the boundaries. For the case examining the significance of stiffness variations, 
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stresses were only applied at the boundaries. The influence of gravity was neglected for both 

methods, since the model size was small in comparison to the applied stresses. 

For the conceptual analyses, the significance of the variation in following parameters was 

studied: 

1. State of stress. 

The significance of the uncertainty of the state of stress was examined by varying  K  

ow/a, and a, in the model. 

2. Rock mass strength 

The variation of the rock strength was studied by changing the rock strength in the 

whole model. Both the significance of intact rock strength and rock mass strength 

were studied with different types of analyses. 

3. Zones of different stiffness around the drift 

According to Chapter 3, it is the stiffness ratio between two areas that governs if the 

stiffness has an effect on the stress state and consequently on the development of 

failure. The variation in stiffness was therefore studied by generating a zone around 

the drift and changing the stiffness in that zone (see Figure 5.2). The variation in 

stiffness was expressed as the relationship between the stiffness in the zone, Ern  and 

outside the zone  E.,.  

Figure 5.2 Conceptual model used to examine the significance of variation in stiffness. 

4. Constitutive behaviour: elastic, perfectly plastic and elastic-brittle-plastic. 

One problem with rock mechanics analyses is to know how the rock mass will behave 

under high stress. In order to study the significance of this, elastic-perfectly plastic and 

elastic-brittle-plastic behaviour was analyzed. The difference between the perfectly 

plastic and the elastic-brittle-plastic is that the rock mass strength will be reduced 
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when the peak strength is reached, as illustrated in Figure 5.3. Depending on the 

strain-softening parameter,  e,  (the gradient of the slope after the peak strength is 

reached) it is possible to examine different brittleness of the rock mass. Here the 

strain-softening parameter, eps, and residual strength were varied between a low and 

high value assuming a residual cohesion and friction angle. 

Residual Strength 

Peak Strength  

a) Elastic-Plastic 
	

b)  Elastic-Brittle-Plastic 

Figure 5.3 Material behaviour used in analyses for studying the influence of different 

material behaviour. 

To determine the significance of the variations in virgin stresses, stiffness and rock mass 

strength, a reference case was first analyzed with all parameters at their average value and 

using elastic-perfectly-plastic behaviour of the rock mass. This was then compared to analyses 

where each parameter was varied, one at a time, between a low and a high value while 

keeping all other input data constant at their average values. This procedure made it possible 

to compare the significance of the variation within the parameters as well as between them. 

The study of the significance of different constitutive behaviour was carried out in a similar 

way. The reference case was compared to analyses using elastic-brittle-plastic behaviour for 

which the residual cohesion and the strain softening parameter were varied between a low and 

high value. The elastic-perfectly-plastic models were analyzed using the Mohr-Coulomb 

model in FLAC, whereas the elastic-brittle-plastic behaviour was simulated using the stain-

softening model. In Table 5.1, all the analyses using continuous analyses are summarized. 
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Table 5.1 	Summary of conducted analyses using the continuous analyses 

Objective of 

analysis 

Rock mass  

behaviour 

K-factor = 

aH/a„ 

Vertical 

stress,  av  

Rock 

stiffness, En,  

Rock strength 

(ar,  or ac.) 

Reference case 
Plastic Averee Average Average Average 

Elastic Average Average Average Average 

S
ig

ni
fi

ca
nc

e  
o

f 
un

ce
rt

ai
nt

y  
in

  i
np

ut
  d

at
a  

S
tr

es
s  

Plastic Low Average Average Average 

Elastic Low Average Average Average 

Plastic High Average Average Average 

Elastic High Average Average Average 

Plastic Average Low Average Average 

Elastic Average Low Average Average 

Plastic Average High Average Average 

Elastic Average High Average Average 

St
if

fn
es

s  

Plastic Average Average Low Average 

Elastic Average Average Low Average 

Plastic Average Average High Average 

Elastic Average Average High Average 

S
tr

en
g

th
 Plastic Average Average Average Low 

Elastic Average Average Average Low 

Plastic Average Average Average High 

Elastic Average Average Average High 

1 	

S
ig

ni
fi

ca
nc

e  
o

f 
un

ce
rt

ai
nt

y  

in
  b

eh
av

io
ur

  o
f 

th
e  

ro
ck

 m
as

s  

B
ri

tt
le

ne
ss

  

Low 

Brittleness 
Average Average Average Average 

Average 

brittleness 
Average Average Average Average 

High 

Brittleness 
Average Average Average Average 

R
es

id
ua

l s
tr

en
gt

h Brittle Average Average Average 
Average 

(Low residual) 

Brittle Average Average Average 
Average 

(Average residual) 

Average 

(High residual 
Brittle Average Average Average 



107 

5.2.2 Input data 

The intervals of the input data used in the different analyses (low, average and high) are given 

in Table 5.2. The values were chosen to correspond to the rock mass properties at 

Kiirunavaara (see Chapter 2). 

The range and average value of the  K-factor (o-H/o-,)  was determined using the relationship 

between ail u2  corresponding to the result of the stress measurements in Chapter 4. The 

average value of  ry,,  was chosen to correspond to an overburden of 1000 m. 

The Mohr-Coulomb parameters cohesion and friction angle were derived from the empirical 

Hoek-Brown failure criterion 

crif  -= a-, + 	+ scr,2 	 (5.1) 

where cru is the principal stress associated with the rock at failure, o-c,  the  uniaxial  

compressive strength of the intact rock, and m and s are constants, which depend upon the 

properties of the rock mass and upon the extent to which it has been broken before being 

subjected to the excavation induced stresses (Hoek and Brown, 1997). The m and s 

parameters are calculated using the RMR (Bieniawski, 1976) value according to: 

RMR-100 

= exp 28 	 (5.2) 

RAM-100 

S = exp 9 
	

(5.3) 

where m, is a value depending on the rock type. Consequently to obtain the Mohr-Coulomb 

parameters, the o-3, cfc, RMR, and m, must be identified.  

Sjöberg  (1999) proposed that the best method to find the cohesion and friction angle was to 

conduct a linear regression on the Hoek-Brown failure envelop over a certain stress interval 

(03n,,,,, and cr3,,,a,c) expected for the problem studied. The regression analysis is done with a 

fixed value on the a/  axis representing the  uniaxial  rock mass strength according to Hoek-

Brown failure criteria. The slope  k  of the regression line corresponds to the linear Mohr-

Coulomb failure envelope. The resulting rock mass parameters for the line are cohesion, 

friction angle, compressive strength and tensile strength. 
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The stiffness of the rock mass was calculated using empirical relationships by Serafim and 

Pereira (1983) 

(RAM-10)  
E

m 
 = 1 0 40 (5.4) 

For the assessment of the stiffness variations, the low value of EmlEout  corresponds to a low 

rock mass deformation modulus inside the generated zone and high deformation modulus 

outside the zone. For the high value of Ein/Et,„, ratio, the high value of the deformation 

modulus has been employed inside the zone and low value outside. The average value of 

corresponds to the average value of the deformation modulus. 

Because of the difficulty to determine the brittleness parameter, cps, and the residual cohesion, 

Cres, in practice, these values chosen were assumed. Although this may not reflect real values 

at Kiirunavaara, these could still be used to study the significance of different brittle 

behaviour. 

Table 5.2 	The input data used for the continuous analyses 

Parameter Low Average High  

K  = ow /o-, 1.1 1.5 2.2 

cry [MPa] 20 30 40  

Uniaxial  Compressive Strength, a,. [MPa] 90 200 420 

RMR 44 70 85 

Cohesion of rock mass,  c  [MPa] 1 6.9 30.3 

Friction angle of rock mass, 0 [1 39.1 49.8 53.3 

Strength of rock mass, o-,„, [MPa] 4 38 183 

Deformation modulus of the zone,  E,„  [GPa] 7 32 75 

E,„/E",„ 0.09 1 10.7 

Brittleness, Softening strain, Er,  [Vo]  0.01 0.05 0.001 

Residual cohesion,  c,.„  [MPa] 25% 50% 75% 
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5.2.3 Failure indicators 

In order to quantify the significance of the variations of the examined parameters, four 

different indicators were employed, which all are commonly used in rock mechanics analyses. 

These are  (i)  zone of plasticity, (ii) the extent of shear failure in the rock mass, (iii) the extent 

of brittle failure using a method by Martin et al. (1999), and (iv) ground reaction curve 

(GRC). The indicators were chosen to reflect variations for different types of failure 

mechanisms as well as to study different rock mass behaviour. Shear failure generally occurs 

in rock masses consisting of soft rock, whereas brittle failure may generally occur in hard and 

brittle rock (with low values of o-3). A short description of each one follows below  

(i)  Zone of plasticity 

An important parameter for the stability and the rock support of a drift is the zone of 

plasticity. In FLAC, such a zone indicates that plastic flow is occurring and may provide a 

pattern that tells if a mechanism has developed. A failure mechanism is indicated if there is a 

continuous line of active plastic zones.  

(h)  The extent of shear failure 

The extent of the shear failure is represented by the existence of shear bands, which in FLAC 

corresponds to the locations of the total shear strain in narrow bands  (Sjöberg,  1999). Shear 

failure leading to a rock fall-out may occur (a) when two shear bands are crossed or  (b)  when 

one shear band is crossed by a discontinuity, (Figure 5.4). 

The extent of shear bands depends to some extent on the discretization, i.e. the grid size, used 

in FLAC. This is important to be aware of when examining the extent of shear bands. The 

smaller grid sizes the higher resolution and better possibility to detect shear bands. In this 

case, a grid size of 0.1 m  x  0.1m closest to the tunnel was used. 
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Potential failure 

a)  b)  

Figure 5.4 Extent of shear failure a) natural shear failure = two shear bands crosses  b)  

shear failure + discontinuity causing rock fall out. 

(iii) Depth of brittle failure using criterion by Martin et al. (1999) 

Another way to assess the significance of the input data has been to quantify the depth of 

brittle failure using a method developed by Martin et al. (1999). This method is valid under 

the assumption of moderately fractured rock, that brittle failure is dominated by loss of the 

intrinsic cohesion of the rock mass and that the frictional strength component can be ignored. 

According to Martin et al. (1999) brittle failure then initiates when the relationships between 

the maximum tangential stress, a„,„, and the  Uniaxial  compressive strength of intact rock, (ye, 

exceeds 0.4 ± 0.1. When this condition occurs the depth can be estimated using elastic 

analyses and Hoek-Browns brittle parameters m = 0 and s = 0.11. These values are said to 

define the conditions occurring when the friction of the rock mass have not been mobilized (m 

= 0) and when the initiation of fracturing of intact rock starts (s = 0.11). 

The method was employed in the FLAC-model by changing the constitutive behaviour to 

elastic conditions. The depth of the brittle failure was determined using the build in Hoek-

Brown failure criterion where strength/stress ratios (or strength factor, S.F), less than 1 are 

defined as failure. In two dimensions, S.F. is calculated by dividing the rock strength in terms 

of the maximum internal shear at failure for a given confining pressure at a point, by the 

maximum induced internal shear at that point due to the excavation. This is expressed as 



s• • 	• 
`,PLastic rreatenal.,,  

Elastic material 

S.F.= Cr 1 f  Cr 3 

Cr i Cr  

(iv) Ground Reaction Curve 

The Ground Reaction Curve (GRC) is a classical method often used to analyze the behaviour 

of a circular tunnel with the radius r, subjected to a hydrostatic pressure po  and a uniform 

internal support pressure  p,  as illustrated in Figure 5.5. 

Po  

Figure 5.5 Principal definitions calculating GRC of circular opening 

There are a number of anlytrical soultions in literature describing different constitutive 

behaviour (see compilation by Brown et al., 1983) but the prinicpals are the same. Failure of 

the rock mass surrounding the tunnel occurs when the internal pressure of the tunnel lining is 

less than a critical support pressure  p„.  On the other hand if the internal pressure  p,  is greater 

than the critical support pressure  p„  no failures occur and the behaviour of the rock mass 

remains elastic. A graphical represenattion of a GRC curve is shown in Figure 5.6. 
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Radial displacement --pi• 

Figure 5.6 Graphical representations of GRC between support pressure and radial 

displacement. 

In this section, the GRC-concept was employed to the model in FLAC, to examine how the 

variations of the stress field influence the displacements and support pressure of a drift. Since 

the stress field in the Kiirunavaara mine is not hydrostatic and the cross-sections of the drifts 

are not circular, it is not possible to use an analytical solution to calculate the GRC. Instead, a 

subroutine in FLAC had to be constructed. The function of the subroutine is to reduce the 

support pressure in small steps. This is done by altering the boundary conditions of the tunnel 

boundary between fixed and free (no constraints). For each change of boundary condition, the 

model is run to equilibrium and the support pressure and radial displacement recorded. This 

procedure is done until the inner support pressure is close to zero. In these analyses, the GRC 

was determined at the midpoint of the roof and at the midpoint of the wall of the drift, 

illustrated in Figure 5.7. 

a) Roof 	 Points for calculating the GRC  

b)  Wall 

Figure 5.7 Locations of points for calculation of the GRC using FLAC. 
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5.2.4 Results 

The analyses of the zone of plasticity, the extent of shear bands and depth of brittle failure are 

presented as printouts from FLAC showed in matrices. The columns show the different 

parameters studied, while the rows show the variations in the analyzed parameter (the low, the 

average and the high value). The results of the GRC analyses are presented in diagrams.  

(i) Zone ofplasticity 

The result matrix of the plots is shown in Figure 5.8. Studying the matrix a similar pattern of 

plastic zones can be seen for all factors. The plastic zones occur mostly in floor and the roof 

of the tunnel. The effect of the variation in rock mass strength and stiffness gives a larger 

scatter of the area of the plastic zone than the variations in vertical stress and  K-factor. A 

comparison of Figure 5.8 and Figure 5.9 shows that analyses of a tunnel using a constitutive 

model that considers brittle failure result in a more pronounced formation of shear bands than 

a perfectly plastic model. The active plastic zones, which indicate development of shear 

bands, seem to be larger for variations in stiffness than variations in stresses. 



Para

meter 

� 
ci5 
(/) 
(/) 
ctl 

� 
u 
0 
Il'. 

Low value 

K= 1.1 

uv
= 20 MPa 

O"cm = 4 MPa 

E;,/Eout = 0.1 

114 

Average value 

reference case 

K= 1.5 

uv
= 30 MPa 

O"cm = 38 MPa 

E;,/Eout = 1.0 

High value 

K=2.2 

uv
= 40 MPa 

o-cm = 183 MPa 

E;,/Eout = 10 

Other 

aramters 

Perfectly

plastic 

uv
= 30 MPa 

O"cm = 38 MPa 

E;,/Eout = 1 

Perfectly

plastic 

K= 1.5 

O"cm = 38 MPa 

E;,/Eout = 1 

Perfectly

plastic 

K= 1.5 

uv
= 30 MPa 

E;,/Eout = 1 

Perfectly

plastic 

K= 1.5 

uv
= 30 MPa 

O"cm = 38 MPa 

Figure 5.8 Result matrix - the significance ofvariation in rock parameters on plasticity. 
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Figure 5.9 Result matrix — the significance of variation in rock parameters on plasticity.  

(n)  The extent of shear failure 

In the matrices in Figure 5.10 and Figure 5.11, the result of the analyses is shown. It can be 

seen that using shear bands as an indicator to study the significance of the different 

parameters provides a similar result as using the zone of plasticity. Although, in Figure 5.10 

shear bands only develop for the high values of the  K-factor, vertical stress and stiffness and 

the low value of the rock mass strength. Furthermore, in Figure 5.11, the results suggest that 

the brittleness and residual strength clearly affect the occurrences of shear bands. 
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failure. 

(iii) Depth of brittle failure using criterion by Martin et al. (1999) 

In Figure 5.12 the result of the analyses using depth of brittle failure as an indicator is shown. 

The filled areas have a strength factor less than one and indicate failure. The difference in 

failure is largest due to variation in stiffness and  uniaxial  compressive strength. For the 

smallest value of the  uniaxial  compressive strength, o-c,  and the highest value of the stiffness 

ratio, Em/E., the zone of damage is very extensive. Whether this reflects the real situation or 

not can be questioned. It is possible that this zone may be damaged to some degree and that 

propagation of micro cracks may take place in this area of the model. This does not have to 

imply that the rock mass collapses. 
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Figure 5.12 Result matrix — the significance of variation of rock parameters on brittle failure. 



119 

(iv) Ground Reaction Curve 

The result of the GRC-analyses is shown in Figure 5.13 and Figure 5.14. The largest radial 

displacements occur in the wall but the magnitudes of the displacement are in general small 

except for results corresponding to the low value of the rock mass strength. Furthermore, the 

result of the analyses shows that the parameters have different influence on the behaviour of 

the rock mass. Variations in stress show a well-defined difference in radial displacement, 

while variations of the stiff zone provide the largest variations in inner support pressure. The 

brittle behaviour of the rock mass does not seem to have large influence of the GRC. A slight 

increase of the radial displacement is obtained when changing the residual cohesion of the 

rock mass. 

The irregularities at the end of some the curves depend on the localizations of the shear bands, 

which was shown Figure 5.10 and Figure 5.11. Movements along the shear bands  destress  the 

points of interest, which decrease the reaction force. This progresses until the movements at 

the shear fracture are stopped. The stresses are building up until a new shear fracture occurs 

and the process starts again. This progression continues until equilibrium for the whole model 

is reached. For the curves with no irregularities, shear bands did not affect the GRC points. 
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Figure 5.13 Result matrix — the significance of variation of rock parameters on GRC. 
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Figure 5.14 Result matrix — the significance of variation of constitutive behaviour on GRC 
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5.3 	Kiirunavaara specific analyses 

In the previous sections the significance of variations in virgin stress state was analyzed using 

a constant stress state applied at a drift. However, to analyze more Kiirunavaara specific stress 

conditions, the influence of the mining production must be taken into account. 

Assuming the major principal stresses have a dip direction perpendicular to the strike of the 

orebody, it is the development drifts parallel to the orebody which are most affected by the 

mining production in Kiirunavaara. The development of these drifts starts three levels 

(approximately 90 m) below the production level. By using results from numerical analyses of 

the global model of Kiirunavaara (e.g. see Chapter 4.2) it can be found that at this point the 

orientation of the major principal stresses is almost horizontal. When the orebody is extracted 

and the bottom of the cave move towards the drift, the orientation of the major principal stress 

rotates. When the mining has passed the drift, the orientation of major principal stress is 

almost parallel to the orebody. In addition, the magnitude of the principal stresses increases 

when the bottom of the extracted ore moves closer to the drift. If elastic conditions exist, i.e 

no rock mass failure, the stresses increase until the mining has passed the location of the drift, 

where the magnitudes drops. If the rock mass below the cavity has failed, the magnitude of 

the stresses may here decrease because of the low stiffness of the failed rock. The stress 

redistribution will in this case be more extensive. All this together makes the stress path 

acting on the drift during its life time very complex. 

To analyze the consequences of such stress conditions on an excavation using numerical 

modelling, the normal procedure is first to apply stresses on a regional model, and from that 

obtain stress data for a local model (e.g.  Sjöberg  et al., 2001). However, for analyzing the 

consequences of stresses acting on the development drifts at Kiirunavaara, this approach is 

not suitable. When the cavity moves towards the drift, the boundary conditions of the local 

model will be a part of the boundary of the cavity, which creates a non-rectangular boundary 

of the local model (see Figure 5.15). Furthermore, use of plastic models, may result in a 

plastic zone which crosses the boundaries of the local model. Both these boundary problems 

are difficult to handle with a numerical program. 



123 

Mining level — 849 m  Mining level — 878 m  Mining level - 907m 

Caved 
rock 

Boundary of a local model 

Figure 5.15 An illustration of the complexity of the boundary conditions for a local model in 

the vicinity of the caved rock in the Kiirunavaara mine. 

Another approach to make an analysis of the development drifts at Kiirunavaara is to 

construct a combined regional-local model with the drifts included. However, using numerical 

programs such as FLAC and UDEC, this type of model becomes very large with the respect to 

the number of elements or zones required. Although a varying discretization is used in the 

model, with very small elements closest to the drifts and larger elements in the periphery of 

the model, these models become very time consuming. 

Despite the long calculation times such a model was constructed, first in FLAC and then 

UDEC. Unfortunately, none of these models turned out well due to numerical problems. In 

FLAC this was due to problems with the element shapes and size, while in UDEC the 

problems could probably be attributed to the zone discretization as well as the number of 

zones causing imprecision. 

Because of the difficulty using these programs, a simplified model was instead constructed 

using the boundary element program Examine 2D (Curran and Corkum, 1996). In this 

program only linear elastic analyses can be carried out. This meant that other type of result 

indicators than those presented in the previous section had to be used to study and compare 

the significance of stress variations. Furthermore, it is not possible to make excavation 

sequences which means the effect of the changing the stress path subjected to a drift can not 

be evaluated. 

However, the effect of the stress redistribution on the drifts can still be analyzed, meaning this 

model can be used to evaluate the significance of stress variations under Kiirunavaara specific 

conditions. 
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5.3.1 Model set up and analyzed parameters 

In Figure 5.16 the model set up in Examine is shown. In Examine 2D it is only the 

excavations and in this case the surface that is discretized. The discretization of the ground 

surface was varied along the ground surface to increase the accuracy of the model closest to 

the drifts. The thicker line of the ground surface was given an element size of 1 m, whereas 

the rest of the ground surface was given a element size of 20 m. The drifts were given the 

actual design of the development drifts in the Kiirunavaara mine, i.e. a width of 7 m and a 

height of 6 m (see Figure 5.17). The element size of the drift was set to 0.1 m. 

Drifts were set up 10 m inside the footwall at five different mining levels from 849 m to 965 

m. The mining production was simulated to be half way through the 878 m level. The caved 

rock was assumed to take no stresses and was therefore simulated as an empty space. A 

gravitational stress state was applied to the model with a horizontal stress ratio,  K,  (later 

denoted  K-factor) defined as the ratio between the major horizontal stress, o-H  and the vertical 

stress, cry. 

The results generated from the boundary element analysis are in the form of stresses at 

discrete points within the rock mass. In Examine-2D these points are specified by using a 

stress grid in which stresses are calculated at the grid points. In this model the stress grid was 

created to analyse the stresses in the rectangular area seen in Figure 5.16. The grid size was 

set to 0.33  x  0.33 m. 

For the Kiirunavaara specific analyses the significance of the variation in the following 

parameters was studied: 

— State of stress. 

— Rock mass strength and strength of intact rock 

— Rock stiffness 

The significance of the uncertainty of the state of stress was examined by varying  K=  all/ o-,,. 
The variation of the rock strength was studied by changing the rock strength in the whole 

model using Hoek-Brown failure criteria, RMR values and o-, of the Kiirunavaara Mine. The 

significance of intact rock strength and Young's modulus was examined by varying the 

Young's modulus and the  uniaxial  compressive strength. 
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Boundary with higher element discretization 

-50 m 

- 878 m 	IR 	Stress grid 

Figure 5.16 Model for analyzing the effect of Kiirunavaara specific variations in stress, 

stiffness and rock mass strength in Examine 2D. 

The same type of modelling procedure as for the conceptual models was employed here, to 

compare the significance of the variation in the studied parameters, i.e. first a reference case 

was run where all input data were set to their average value. This was then compared to 

analyses where each parameter was varied, one at a time, between a low and a high value 

while keeping all other input data constant at their average values. 

5.3.2 Input data 

The intervals of the input data used in the different analyses (low, average and high) are given 

in Table 5.3. The Poisson's ratio and the density of the rock mass were given the same value 

for all analyses. All values were chosen to correspond to the maximum measured ranges of 

the rock mass properties at Kiirunavaara (see Chapter 2) and are the same as used in the 

conceptual models in the previous section. In addition, same range and average value of the  

K-factor was used. 
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In Examine 2D it is not possible to assign different properties to different areas of the rock 

mass. Therefore rock properties corresponding to the ones of the footwall in Kiirunavaara 

were given to entire model. This simplification does affect the vertical stress subjected to the 

drifts, which becomes lower because the high density of the ore can not be taken into account. 

However, this is believed not to effect the conclusions of the analyses, as the stress increase is 

rather small (approximately 2MPa, if the overburden consist of 100 m magnetite) and that an 

increased vertical stress should give a more hydrostatic stress state which is more beneficial to 

the stability of the drifts. 

Table 5.3 	The input data used for the Kiirunavaara specific analyses 

Parameter Low Average High  

K=oj/a  1.1 1.5 2.2  

Uniaxial  Compressive Strength, cr, [MPal 90 200 420 

RMR 44 70 85 

Young's modulus,  Em  [GPa] 44 70 80 

Poisson's ratio, v 0.25 0.25 0.25 

Density,  p,  [kg/m3] 2700 2700 2700 

5.3.3 Failure indicators 

As for the conceptual models the variations of the examined parameters were studied using 

different failure indicators. The indicators were chosen to reflect variations for different types 

of failure mechanisms as well as to study different rock mass behaviour. One of these 

indicators is the same as for the conceptual analyses, the extent of brittle failure using a 

method by Martin et al. (1999). The other two indicators chosen to be studied were the 

strength factor using Hoek-Brown failure criterion, which is a criterion used to study shear 

failure and the extension strain criterion by Stacy (1981) used to study brittle failure.  

(i)  Hoek-Brown failure criterion 

The definition of Hoek-Brown failure criterion was described in the previous section (see 

Equations 5.1 — 5.2). The criteria are here used for the determination of the strength factor, 

S.F, which in Examine 2D is defined in the same way as in FLAC, see Equation 5.5. 
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(h)  Depth of brittle failure using criterion by Martin et al. (1999) 

The theory of this criterion was described in the previous section. The criterion is used in the 

same way in Examine as for the analyses in FLAC. 

(iii) Stacey's extension strain criterion 

Stacey (1981) developed the extension strain criterion to predict failure in brittle rock. 

According to the criterion, failure initiates when the largest extension strain, 63, exceeds a 

certain critical extension strain, eenr, for the specific rock type, i.e. 

(5.6) 

For a linear-elastic and isotropic material, e3, can be calculated by 

1 r  
E3 = - p73  -1,(Cr, C73)I 

E 
(5.7) 

It should be noted that extension strain (negative values) may occur even if all principal 

stresses are positive. The condition to obtain extension strain is 

V(Crl o2)>   (73 
	 (5.8) 

The critical strain for different rock types may be obtained by laboratory tests. However, such 

tests are not available for the rock type in Kiirunavaara.  Sjöberg  et al.(2001) used a 

conservative value of 250 µstrain for brittle failure. This value was motivated by studies of 

the extension strain at other places with similar rock types. 

When analysing the extension strain, the out of plane stress o-h  has to be considered. This was 

done by using complete plane strain conditions, which means the stress field may be oriented 

arbitrarily in three dimensional space. This analysis generates a three-dimensional stress 

tensor at each grid point. The out of plane stress o-h  was set equal to the vertical stress, o-„, 

which corresponds to the ratio between a and an, seen from the measurements in Chapter 4. 

However, for these analyses the criterion was only used to compare the significance between 

variations in the  K-factor and Young's modulus. 
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5.3.4 Results 

The analyses are presented as printouts of the drifts at the upper three mining levels (i.e. the 

drifts at 849 m, 878 m, and 907 m) with analysed parameters in the left column. Furthermore, 

the examined parameters (the strength factor for the criteria by Martin and Hoek-Brown and 

minor principal strain for the criterion by Stacy) are measured in three measuring points 2.2 m 

outside the boundary of the drift according to Figure 5.17. This distance was chosen to 

correspond to the bolt length at Kiirunavaara. 

2.. 

1.0 	Measuring points 

• 

6m 

  

  

7m  	bl  

 

Figure 5.17 Analyzed drift section and location of measuring points.  

(i)  Hoek-Brown failure criterion 

In Figure 5.18 to Figure 5.19 the printouts of the results using the Hoek-Brown failure 

criterion are shown. The filled areas show the S.F.< 1 indicating overstresses ("shear 

failure"). Tension means that, 0-3, is negative. 

The results show that the main difference in the extension of failure changing the  K-factor 

(Figure 5.18) occurs around level 907 m. Furthermore, tension occurs around the drift no 

matter the value of the  K-factor. If a change of the  K-factor (Figure 5.18) is compared with a 

change of the rock mass strength (Figure 5.19), the variation in rock mass strength results in a 

larger variation considering the extension of failure. This can also be seen comparing the 

strength factor in the three measuring points seen in Figure 5.20. In point 1 the strength factor 

was negative for the low rock mass strength value and the high stress ratio meaning tension in 

that point. In point 3 all values of the  K-factor and rock mass strength resulted in tension. 
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Figure 5.18 Extent of failure using Hoek-Brown failure criteria 
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Figure 5.19 Extent of failure using Hoek-Brown failure criteria 
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Figure 5.20 The variation of the strength factor in the three measure points for different 

values of the rock mass strength and  K-factor using Hoek-Brown failure criteria 

(ii) Depth of brittle failure using criterion by Martin et al. (1999) 

The result of the analyses can be seen in Figure 5.21 and Figure 5.22 and in the diagram in 

Figure 5.23. Also here the printout shows the strength factor <1 which for this criterion 

indicates the depth of brittle failure. The results show a widespread failure zone around the 

tunnels. The extent of the zone varies heavily when varying the  K-factor and the intact 

strength of rock. However, as was commented for the conceptual analyses, it is not likely that 

failure of the rock mass may occur to that extent (see comments in Chapter 5.3.4). 

Nevertheless, using this criterion and studying the strength factor in the three measuring 

points, the variation strength of intact rock gives twice as large variation in measured strength 

factor value than a change of the  K-factor. 
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Figure 5.21 Extension of brittle failure (Martin et al., 1999) 
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Figure 5.22 Extension of brittle failure (Martin et al., 1999) 
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Figure 5.23 The variation of the strength factor in the three measuring points for different 

values of the o and  K-factor using criterion by Martin et al. (1999). 

(Hi) Stacey's extension strain criterion 

In this criterion, the extension strain, E3, was plotted in the printouts in Figure 5.24 and Figure 

5.25. The filled areas are those that resulted in a larger extension strain than 250 µstrain, i.e. 

the areas that may be subjected to brittle failure according to the assumed critical strain. It can 

be seen that the variation in the  K-factor means that the variation in the extension strain 

varies. A similar variation can be seen when changing the Young's modulus between its low 

and high value. From Figure 5.26, showing the extension strains in the three measuring 

points, it can be seen that the  K-factor causes a slightly larger the spread of the extension 

strain than the variation in the Young's modulus. 

In addition, Figure 5.26 shows that the spatial variation in the extension strain (compare 

measure point 2 with measure point 1 and 3) is equally large as the variation in extension 

strain when changing the  K-factor and Young's modulus,  E,  between their maximum ranges. 
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Figure 5.24 Extension of failure using Stacy's failure criteria 
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Figure 5.25 Extension of failure using Stacy's failure criteria 
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5.4 	Probabilistic sensitivity analysis 

5.4.1 Modelling procedure 

In the deterministic approach, the significance of the variation in the different parameters was 

studied by varying their values between their maximum ranges. However, most of the studied 

parameters may assume any number of values within this range. This means that there are a 

number of combinations for the input parameters that all may yield more extreme results than 

the ones corresponding to one of the combinations studied in the deterministic analyses. To 

consider this when evaluating the significance of the state of stress, probabilistic sensitivity 

analyses can be employed. The uncertainty of a parameter is here integrated in the analysis as 

the input parameters are expressed with a distribution instead of a single value. 

In this section, a simple probabilistic sensitivity analysis is used as an illustrative example 

how to compare the significance of the variation in stress with the variation of rock strength 

as well as how probabilistic analyses can be used as an instrument for risk analysis. This is 

examined by quantifying a Damage index, Di, which is an estimate of the severity of the 

damage in brittle rock due to high stresses. 

The Damage index Di  

The Damage index,  D,,  is an index which provides an interpretation of the severity of the 

brittle damage zone around openings and is expressed as  

D, = a  ' (5.9) 

where, cimax, is the maximum tangential stress and o-c,  is the  uniaxial  compressive strength. 

The index is based on a review of underground openings excavated in varying rock mass 

types and conditions and is actually a conversion of the stability classification in massive 

brittle rock (using oVcr,) by Hoek and Brown (1980). In Figure 5.27 the severity of damage in 

a tunnel for different oVcr, is shown together with the corresponding  D„  (Christiansson and 

Martin 2001). 
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Figure 5.27 Correlation between tunnel damage using o-i/o-, by Hoek and Brown (1980) and 

Damage index (Di) and the visible damage observed around openings for 

different values. Also, the magnitude of micro seismic events associated with 

the damage (modified after Christiansson and Martin, 2001). 

Figure 5.27 shows that a 

• < 0.15 corresponding approximately to a  D,  of < 0.4, means elastic response, 

• o-//cs, = 0.15 - 0.3 corresponding to a  D,  between 0.4 - 0.6, means minor spalling and 

microseismic events with moment magnitude -6 to -2, 

• cri/cr, = 0.3 - 0.4 corresponding to a  D,  between 0.95 - 1.25, means minor slabbing and 

damage and microseismic events with moment magnitude -2 to -1, 

• a cri/a, = 0.4 - 0.5 corresponding to a  D,  between 1.25 - 1.6, means major spalling 

damage and microseismic events with moment magnitude 1 to 2 

• a Ui/Cc > 0.5 corresponding to a Di  larger than 1.6, means severe damage and seismic 

events with moment magnitude 2 to 4. 

For a circular tunnel, o-„,„, can be expressed as 

amax = 30ri U3 
	 (5.10) 

Assuming that a1/0'3 = Ku, um can be rewritten as 
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o-.„„ =3(K,  —1)a3 	 (5.11) 

which means that the Equation 5.9 can be written as  

D, =
[3(K —1)cr

3
1 

cr 
(5.12) 

Consequently, using Equation 5.12, the Damage index depends on the ratio between the major 

principal stress and minor principal stress, KH, the magnitude of the minor principal stress, o-3, 
and the  uniaxial  compressive stress, o-c.  

5.4.2 Distribution of the parameters 

To compare the significance of the variations in stress to variations in strength, the ratio 

between the major and minor principal stress, KH, and the  uniaxial  compressive strength, o.e, 
was given a probability distributions, while o-3, was held constant. 

The probability distributions of the parameters were determined using the  BESTFIT  

(Palisade, 2003) computer program, which fit a set of data to a theoretical probability 

distribution function (PDF). 

In this example, the results of the stress measurements (Chapter 4) were used to estimate the 

distribution of the ratio between the major and minor principal stress, KH. The distribution of 

the  uniaxial  compressive strength, o-c,  was determined by using the  uniaxial  compressive 

strength of the rock types at the footwall of Kiirunavaara (Liedberg, 1983). 

The minor principal stress o-3, was set to a constant value of 20 MPa. 

The KH  was best estimated using a log-logistic distribution, while, o-c,  was best estimated 

using an extreme value distribution. The log-logistic density function is defined by 

f (x) = 
at  a -1 

yx(x) 	 (5.13)  
+ ta y 

x  —  y  

continuous location parameter 

ß = continuous scale parameter 

where  

13  > 0 
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y  = continuous shape parameter 	 a> 0 

The extreme value density function is defined by 

f (x) =  

  

—co<x<oo 	 (5.14)  
b 	'"P(-  ') 

where  
x—a 

b  

a = continuous location parameter  

b  ---= continuous scale parameter 

To prevent extreme values occurring, truncations of the PDF were set. These were assumed to 

correspond to the maximum credible ranges of the input data. In Figure 5.28 all chosen PDF 

of the input parameters are shown with their respective probabilistic parameters. 
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Figure 5.28 Input probability density functions with their descriptive parameters and the 

chosen truncation. 



142 

5.4.3 Results 

To calculate the importance of the variations of the input data to the Damage index,  D„  the 

Monte-Carlo sampling technique was run using an add-in program for Excel named @Risk 

(Palisade, 2003). The Monte-Carlo sampling technique uses random numbers to sample from 

the distributions. Samples are more likely to be drawn in areas of the distribution, which have 

higher probabilities of occurrence. By sampling values from the input distribution many times 

(in this case 5000), a distribution of the wanted outcome is obtained. 

In Figure 5.29, the result of a simulation of the Damage index is shown using the above 

mentioned distributions of input parameters. It shows that 90 % of the samples give a range of 

Di  of 0.18 - 0.93. According to Figure 5.27, this suggests that 90 % of the examined rock 

mass is subjected to minor spalling and microseismic events with moment magnitude -6 to -2.  
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Figure 5.29 The distribution of the simulated Damage index. 

In addition, Figure 5.29 shows some extreme values of D1. This may be explained by the fact 

that high  K  values have been sampled at the same time as low o value. In the rock mass it is 

not likely that this situation occurs, since a rock type with low 47, often has a low stiffness and 

therefore does not attract high stresses and vice versa. 

With this program, sensitivity analyses can be made using a built in sensitivity feature that 

judges how the variation of the input data contributes to the variation of the outcome. In the 

so-called Tornado-graph (Figure 5.30), the bars show how much one standard deviation of the 

input data increases (positive values) or decreases (negative value) the standard deviation of 

the outcome, i.e. the input parameter with the highest value is the one that has the largest 

influence on the variation of the outcome. The result of the sensitivity analysis shows that a 
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variation in the rock strength and the stress state has approximately the same influence on the 

variation in value of the Damage index. 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1  

Std  b  Coefficients 

Figure 5.30 Tornado graph showing the influence on the variation of the input parameters to 

the outcome. 

When having uncertainty in the input data probabilistic sensitivity analyses can be used as a 

tool to examine the probability of an event as well as to study the significance of input 

parameters. This may therefore be a useful tool in the decision planning. The disadvantage 

with probabilistic analyses is that enough data to form a distribution must be available. A 

incorrect distribution of the input data may provide an incorrect outcome, which may lead to 

incorrect decisions. 
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6 DISCUSSION 

To achieve the aims of this thesis, the previous chapters have dealt with three main issues. 

— State of stress in the rock mass 

— State of stress at the Kiirunavaara mine 

— Significance of a varying stress state 

The assessments and analyses that have been carried out in conjunction with these issues are 

discussed below. 

6.1 	State of stress in the rock mass 

Many of the difficulties in determining stresses in the rock mass can be explained by the 

definition of stress. Because it is defined in a point, a result from a stress measurement also 

depends on the scale of the measurement. Today the measuring procedure is made on a small 

scale compared to its application. This means the results may be influenced by heterogeneities 

in any scale and as a result become non-representative for the location of interest. The 

literature review and the numerical analyses demonstrated that the stresses might vary 

significantly in both magnitude and orientation due the presence of heterogeneities. 

For the conceptual numerical model with areas of different stiffness, the variations were 

around 40% for the magnitude of the major principal stress and 30 degrees in average for its 

orientation. Because the input data is sparse and the interaction between geological features in 

the rock mass is not known, it is impossible to exactly quantify the variations using numerical 

analyses. If the influence from local heterogeneities such as joints, faults, and gouges had 

been considered, this variation would probably be larger. In addition, a larger scatter of the 

magnitudes and orientations of stress may be obtained if the analyses are done with a 3D 

model. Consequently, in a rock mass with a volume such as the Kiirunavaara mine, large 

variation should be expected when measuring stresses on a small scale. 

6.2 	State of stress at Kiirunavaara 

The result of the rock stress measurements shows large variations. This depends on the 

influence of mining, measurement errors, and the heterogeneous nature of the rock mass. 

According to the numerical analysis all stress measurements are more or less disturbed by 

mining. However, the disturbance is less than 10 % for 24 out of the 45 locations where stress 

measurements have been carried out. The rest of the disturbance may therefore be attributed 

to influence of geological factors and measurement errors. 
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Regardless of the large variations, there are good indications from the stress measurements 

and field observations that the major principal stress has a dip direction in the East-West 

direction (i.e. perpendicular to the orebody). This automatically implies that the other two 

principal stresses (intermediate and minor) need to be sub-vertical and horizontal and parallel 

to the orebody, respectively. 

Furthermore, it is difficult to determine the orientations of the minor and intermediate 

principal stresses based on the results of the measurements. However, faults in the mine 

correspond to a strike-slip stress regime. This indicates a vertical orientation of the 

intermediate stress and a horizontal orientation of the minor principal stress parallel to the 

orebody. The magnitude of the intermediate principal stress is approximately equal to the 

theoretical vertical stress (the weight of the overburden rock mass). Hence, this is consistent 

with the interpretation of the orientations. 

Extreme values occur at depth 1045 m and 1080 m, which can be considered non-

representative values for the state of stress in the mine. However, at Äspö and  URL  extreme 

values have also been measured which have not been representative for these sites. The 

extreme values can be explained by error in the measuring procedure or by local anomalies. 

When examining the validity of the results from the stress measurements it was found that the 

magnitudes of the major and minor principal stresses almost coincide with the relationship for 

the horizontal principal stresses in the Fennoscandian shield derived by Stephansson (1990) as 

well as the model Shoery (1994) developed. Furthermore, the variations in magnitudes are 

similar to variations at the other sites, whereas the orientations of the principal stresses seem 

to be more scattered. 

Because of the scatter among the measured orientations of the principal stresses it is not a 

straight forward task to define stress relationships. From a mathematical point of view, a 

stress relationship versus depth can only be defined when using the normal stress components, 

referred to a Cartesian coordinate system (Chapter 3.2). On the other hand, in an analysis it is 

the magnitude of the principal stresses that controls the extent of failure. For this reason, 

stress relationships versus depth were derived using regression analyses both from the 

magnitudes of the normal stress components and magnitudes of the principal stresses despite 

that the latter is mathematically incorrect. 

To compare the two different stress relationships, the magnitude of the principal stresses was 

calculated at certain level. The result revealed a slightly higher magnitude of a3  and a slightly 
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lower magnitude of a/  and 0-2, when using the relationships derived from the stress 

components. 

Considering these results a natural question is which stress relationships should be applied 

when doing rock mechanics analyses at the Kiirunavaara mine. 

The advantage with using the normal stress relationship at Kiirunavaara is that the boundaries 

of a model constitute a Cartesian coordinate system. If the stress relationships based on the 

magnitude of the principal stress are used in an analysis, then the orientation of the principal 

stresses has to be assumed. However, based on the results of the stress measurements and 

stress indicators, there are indications that 0-2  is horizontal and has a dip direction 

perpendicular to the orebody, 0-2  is sub-vertical and cr3  is horizontal and parallel to the 

orebody. Applying the principal stress in such way and also considering the result from 

Chapter 5, the differences between the two types of definitions becomes insignificant. 

Therefore, both types of stress relationship can be used as input data for rock mechanics 

analyses. 

6.3 	Significance of a varying stress state 

Due to the scattered results of the stress measurements at Kiirunavaara, there is an uncertainty 

in the proposed stress relationships presented in Chapter 4. Because of that, three questions 

were asked in the introduction of Chapter 5. To be able to answer these questions a number of 

different types of analyses were carried out. The questions and a discussion on the answers 

are presented below. 

"What accuracy of the virgin stress state is required in order to carry out reliable stability 

analyses at the Kiirunavaara mine?" 

In the analyses where only the variation in applied stress is changed, the results showed a 

difference between the conceptual analyses and the Kiirunavaara specific analyses especially 

when examining the extent of brittle failure. The mining method at Kiirunavaara increases the 

effect of the applied boundary stresses. This indicates that it is more important to use correct 

stress data in the analysis of rock mechanics problems at Kiirunavaara than at other places 

where no large scale stress redistribution occur. 

However, a reliable stability analysis requires that all parameters are reliable. Comparing the 

behaviour of a drift in the analyses where the stresses are varied, with the behaviour in the 
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analyses where the rock mass strength or stiffness are changed, the variations of these rock 

mass parameters are at least equally important with respect to the obtained extent of failure as 

the variations of the stress state. This holds for both the conceptual and the Kiirunavaara 

specific analyses. 

Furthermore, the requirements for the accuracy of the virgin stress state depend on the 

objective of the analysis. For example if the purpose of a stability analysis is to find out when 

a pillar will collapse, the accuracy of the result is dependent on the accuracy of every 

parameter in the analysis. 

On the other hand if analyses are used to simulate an observed pillar failure, a number of 

combinations of the input parameter may give behaviour that conforms to the observations. If 

one parameter is incorrect, the definitions of the other parameters could compensate for that. 

In this case, the accuracy of the parameters involved does not need to affect the outcome. It 

should be noted though that it does not necessary mean that the input parameters are to be 

guessed. Guessing can ultimately lead to a completely different behaviour being obtained and 

consequently bad decisions being taken. 

Furthermore, the stress relationships derived from the stress measurements at Kiirunavaara 

have proved to give a good correspondence to observed failures. For example,  Sjöberg  et al. 

(2001) used the result from the stress measurements in numerical analyses to determine 

factors which govern the damage that has been observed in the ore passes. Based on results 

from these analyses a prognosis and recommendations were presented to improve the stability 

of the ore passes. In another case Quintero (1997) used the stress data successfully to perform 

stress analysis when the mining level approached the previous main level at 775 m. A 

prognosis based on numerical analyses predicted when failures could be expected at the main 

level. By using his result and making a careful mapping of the geology and failure 

observations, it was concluded that serious problems could occur at 775 m. Based on this the 

mining layout was changed (Dahn6r, 2003). 

"In what way will the uncertainty of other parameters such as stiffness and rock mass 

strength influence the result of rock mechanics analyses?" 

As was mentioned earlier, the uncertainty in stiffness and rock mass strength results in large 

differences when the behaviour of a drift is considered. However, it is must be made aware 

that in these analyses, the rock mass strength and rock mass stiffness have been determined 

using empirical relationships such as the Hoek-Brown failure criterion (1997) and Serafim 

and Pereira's formula (1983) for the rock mass stiffness. Since these relationships have not 



149 

been tested or developed for the Kiirunavaara conditions, the ranges of the values of the rock 

mass strength and stiffness may be too large or too small for the Kiirunavaara mine, which at 

the end could give another result. However these are the most commonly used relationships. 

Furthermore, considering the uncertainty of the strength of intact rock, the analyses also show 

that the variation causes large deviation in the results. Since the range of the values of intact 

rock was determined from  uniaxial  tests conducted on rock samples from Kiirunavaara, these 

analyses should be a good indicator of the influence of the strength of the intact rock. 

"In what way will an uncertainty in the state of stress affect the design of drifts and other 

underground facilities and the reinforcement of these in practice?" 

In contrast to rock mechanics analyses in most civil engineering projects, the reinforcement in 

the Kiirunavaara mine is based on experience (from earlier events in the mine). Therefore, to 

improve the design and the reinforcement in practice, it is not only a question of increasing 

the understanding of the failure mechanisms, but also the interaction between the 

reinforcement and the rock. In this way, the best reinforcement may be applied for the right 

kind of problem. The analyses presented in this thesis showed a similar behaviour of the rock 

mass no matter what stress state that was applied, i.e. failure occurred at approximately the 

same place around the drift. 

For the design and location of the underground facilities it is important to know the 

orientations of the principal stresses. In these analyses the same orientations of the assumed 

major principal stress were applied to the models even though the orientations of the 

measured stresses showed large variations. If the orientations of the stresses had been 

changed, a different behaviour of the drift would have been obtained. However, considering 

the orientation of the orebody and the assumed orientation of the principal stresses in the 

analyses, it is likely that the analysed orientation gives the worst case considering the 

behaviour of the development drift. 
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7 CONCLUSIONS AND RECOMMENDATIONS 

Summarizing the results and the discussion of the three main issues presented in this thesis, it 

is concluded that the relationships defining the virgin stress state in the Kiirunavaara mine is 

good enough for rock mechanics analyses. Furthermore, it is shown it does not matter whether 

the stress relationships derived from the stress components or the principal stresses are used. 

It is the author's opinion that more stress measurements to find the virgin stress state will not 

improve the rock mechanics work until better stress measurements methods have been 

developed to carry out stress measurement on a large scale and other input parameters are 

accurately determined. 

New stress measurements will not decrease the range of the scatter of the stress magnitudes 

and orientations on a regional scale. They may, at the most, give more distinct average stress 

magnitudes and orientations. We cannot limit the scatter by considering only a part of the 

rock mass. This is, on the other hand, applicable for the stiffness and the strength. The scatter 

of a parameter will automatically be reduced if a smaller portion of the rock mass is 

considered since these properties are coupled to the local geology. Practically this can be 

implemented in a model by taking into consideration the spatial variation of the stiffness and 

the strength. The accuracy and details of this spatial variation can be chosen from time to time 

depending on the application. 

Therefore, recommendations for further work is to develop a geomechanical model of the 

mine, consisting of 

rock mass classification results 

stiffness and strength versus spatial position in the mine, 

- the failure observations where time, place, type of failure together with sketches, 

photographs and a description of the failure 

- rock burst events, with comments from the workers and the rock mechanics engineers 

By systematically adding this type of information into a database a useful tool to increase the 

understanding of rock mechanics issues is obtained. Such a database will also improve the 

knowledge about the virgin stress state at the Kiirunavaara mine as areas with high and low 

stresses may be detected coupled to geological settings. 
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