
TECHNICAL REPORT

Luleå University of  Technology
Department of Civil and Environmental Engineering

Division of Geotechnical Engineering

| |

Strength of hard rock masses 
- a case study

Universitetstryckeriet, Luleå

Catrin Edelbro

C
A

T
R

IN
 E

D
E

LB
R

O
      Strength of hard rock m

asses - a case study



 



i 
 
 

 

 

PREFACE 
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Geotechnology at the Luleå University of Technology. The financial support for the 
research project is being provided by Vinnova (Research Council), LKAB, the 
Research Council of Norrbotten and Luleå University of Technology.  
 
The research project is aimed at increasing the understanding of the rock mass strength 
and to identify the governing factors, with special application to hard rock masses. In 
this report, collected field data of observed or documented rock mass failures are 
presented. The objective of this report is to present each case as detailed as possible for 
use in numerical analysis and rock mass characterisation. I hope that this report also can 
be useful for others who want to analyse typical hard rock masses. 
 
Prof. Erling Nordlund at Luleå University of Technology and Dr. Jonny Sjöberg at 
Vattenfall Power Consultant are supervisors in this project. The reference group 
consists of my supervisors and Daniel Sandström at New Boliden, Fredrik Johansson at 
KTH and Christina Lindqvist-Dahnér at LKAB. 
 
I specially want to thank the rock mechanic staff at Inmet (Pyhäsalmi) in Finland, 
Statens Vegvesen in Norway, New Boliden and SKB for their help and enthusiasm in 
finding required field data in my cases.  
 
 
 
 
Luleå, October 2006 
 
 
Catrin Edelbro 
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SUMMARY 

Knowledge of the rock mass strength is important for the design of all types of 
underground excavations. An improved rock mass strength prediction, as well as a 
better understanding of the failure process in a rock mass enables e.g., reduced stability 
problems in underground design and reduced waste rock extraction, improved working 
conditions underground, and, ultimately, reduced operating costs for underground and 
mining work.  
 
This report constitutes a portion of a PhD project, which was initiated due to the 
relatively limited knowledge of failure behaviour and the rock mass strength. The aim 
of the project is to develop a methodology to estimate the strength of hard rock masses. 
Case histories, where the determined/estimated rock mass strength from a 
criterion/system can be compared to a measured/determined rock mass strength, are 
presented in this report. Hence, this report is a summary of all collected field data of 
observed or documented rock mass failures within this PhD project. 
 
For each case presented in this report (except the Stripa case), the following 
requirements were fulfilled: 

1. a rock mass failure has occurred in an underground excavation, with typical 
tunnel dimensions (approximately 2-10 m), for which the rock mass can be 
treated as a continuum, 

2. the failure is stress induced, for instance spalling, shear failure, slabbing, buckling 
or compressive failure, 

3. stress measurements has been performed (or good knowledge of the in-situ 
stresses exists), and 

4. the uniaxial compressive strength of intact rock (laboratory scale) was above 
approximately 50 MPa, i.e.,  σc ≥ 50 MPa.  

 
A total of 14 cases where failure has occurred are presented in this report. First, mining 
industry cases are presented, comprising three cases from Sweden and one case from 
Finland. Secondly, two cases of underground storage facilities from Sweden are 
described. Thirdly, a large scale test from Sweden is presented, and finally, three tunnel 
cases from Norway are described.  
 
Keywords: rock failure, case study, field data, rock mass strength 
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SAMMANFATTNING 

Kunskapen om bergmassans lastbärande förmåga är viktig vid utformning av alla slags 
underjordsanläggningar. En förbättrad uppskattning av bergmassans hållfasthet, liksom 
en bättre förståelse för brottmekanismer i bergmassan ökar möjligheten till reducerade 
stabilitetsproblem för underjordsanläggningar och minskad gråbergsbrytning, bättre 
arbetsförhållanden underjord och i bästa fall, minskade driftskostnader för anläggnings- 
och gruvbranschen. 
 
Denna rapport utgör en del i ett doktorandprojekt, vilket initierades med hänsyn till 
den relativt begränsade kunskapen om bergmassans hållfasthet och dess 
brottmekanismer. Målet med projektet är att utveckla en metod för att kunna uppskatta 
hårda bergmassors hållfasthet. Fallstudier av bergmassors hållfasthet, där 
beräknad/uppskattad hållfasthet från ett kriterium/system kan jämföras med uppmätt 
hållfasthet, presenteras i denna rapport. Rapporten är därmed en summering av alla 
insamlade data av fältobserverade och dokumenterade brott i bergmassor inom detta 
doktorandprojekt. 
 
För varje presenterat fall i denna rapport (förutom Stripafallet och Garpenbergsgruvans 
fullortsborrade schakt), är följande krav uppfyllda: 

1. ett ras har skett för en undejordskonstruktion, med typiska tunneldimensioner 
(ungefär 3-10 m), där bergmassan kan behandlas som ett kontinuum, 

2. brottet är spänningsinducerat, som t.ex. spjälkning, skjuvbrott och tryckbrott, 
3. spänningsmätningar har blivit utförda (eller god kunskap om in-situ spänningarna 

finns), samt 
4. den enaxiella tryckhållfastheten av intakt berg (i labskala) är högre än ca 50 MPa, 

(σc ≥ 50 MPa).  
 
Totalt 14 fall, där ras skett, presenteras i denna rapport. Först presenteras fall från 
gruvindustrin, vilket omfattar tre fall från Sverige och ett från Finland. Därefter beskrivs 
två fall som behandlar stora förvaringsanläggningar under jord i Sverige. Ett storskaligt 
test från Sverige presenteras sedan, och slutligen tre tunnelfall från Norge. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

σ1 = major principal stress (compressive stresses are taken as positive) 
σ2 = intermediate principal stress  
σ3  = minor principal stress  
σH = major horizontal stress 
σh = minor horizontal stress  
σv  = vertical stress  
σc  = uniaxial compressive strength of intact rock 
UCS = uniaxial compressive strength of intact rock 
σt  = uniaxial tensile strength of intact rock 
E  = Young's modulus 
c  = cohesion of intact rock or rock mass 
φ  = friction angle of intact rock or rock mass 
ρ = rock density 

θ = orientation of major principal stress in a two-dimensional plane 
RQD  = Rock Quality Designation  
JRC = Joint Roughness Coefficient 
JCS = Joint wall Compressive Strength 
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1 INTRODUCTION 

1.1 General introduction 

The mechanisms by which rock masses fail remain poorly understood, despite the fact 
that research with focus on rock mass strength has been performed for at least the last 
20 years. The poor knowledge of the rock mass behaviour is due to its complexity, 
with deformations and sliding along discontinuities, combined with deformations and 
failure of intact parts (blocks). A better understanding of the rock mass behaviour is 
important for the design of all kinds of underground excavations. This report 
constitutes a part of a PhD project which was initiated due to the relatively limited 
knowledge of failure behaviour and the rock mass strength. The objective of the entire 
project is to develop a methodology that can be used to estimate the strength of hard 
rock masses. The project comprises several tasks, with intermediate project goals and 
reporting, see Figure 1.1. In Part 1 of the project, existing rock mass failure criteria and 
classification/characterisation systems have been evaluated through the use of 3 case 
studies. The objective of that work was to identify (i) robust systems and criteria, 
(ii) parameters having the strongest impact on the calculated rock mass strength, and 
(iii) parameters resulting in a large interval of the rock mass strength. The results from 
the case studies were presented in a licentiate thesis where it was concluded that more 
case histories have to be studied, where the determined/estimated rock mass strength 
from the criteria/systems can be compared to the measured/back calculated rock mass 
strength. The collection of new failure data was performed in Part 2 of the project, see 
Figure 1.1. This report is a summary of all collected field data of observed or 
documented rock mass failures within this PhD project.  
 
The objective of this report is to present each case as detailed as possible for use in 
numerical analysis and rock mass characterisation. Hence, this report can also be used 
by others who want to analyse typical hard rock masses. 
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Figure 1.1 Overview of the project. 
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For each case presented in this report (except the Stripa case and one raise in a Swedish 
mine), the following requirements were fulfilled 

1. a rock mass failure has occurred in an underground excavation, with typical 
tunnel dimensions (approximately 3-10 m), for which the rock mass can be 
treated as a continuum, 

2. the failure is stress induced, for instance spalling, shear failure, slabbing, buckling 
or other types of compressive failure, 

3. stress measurements has been performed (or good knowledge of the in-situ 
stresses exists), and 

4. the uniaxial compressive strength of intact rock (laboratory scale) was above 
approximately 50 MPa.  

 
The Stripa case is based on a large-scale core test, aimed at determining the mechanical 
behaviour and strength of the large-scale sample under uniaxial compression. The raise 
in the Garpenberg mine, described in Chapter 4.3, does not fulfil the requirements of a 
typical tunnel dimension.  
 
The work resulting in this report has been carried out at the Division of Mining and 
Geotechnical Engineering at the Luleå University of Technology. The financial support 
for this report is being provided by LKAB, Vinnova and Luleå University of 
Technology.  
 

1.2 Outline of report 

The description of each case in this report is structured as the failure survey that was 
given to mine companies and tunnel constructers, worldwide, within this PhD project 
in the year 2003. The aim of the failure survey was to collect more cases; however, 
only 2 responses (out of 50) were received. The complete failure survey is presented in 
Appendix 1. 
 
There are two main sections that will be presented for each case: 

1. General information of the mine/tunnel, including geology, excavation 
dimensions, drift performance etc. 

2. Specific information of the rock mass failure that ha occurred in the 
mine/tunnel. 
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A total of 10 cases, with 14 described failures, are presented in this report. First, the 
mining cases are presented, comprising three cases from Sweden and one from Finland. 
Secondly, two cases of underground storage facilities from Sweden are described. 
Thirdly, a large scale test from Sweden is presented, and finally, three tunnel cases from 
Norway are described. 
 
Of the 10 cases presented in this report, the author has visited 5 of the sites to get more 
information and better knowledge of how the failure occurred. Hence, 5 of the cases 
are purely based on documented information, see Table 1.1. 

Table 1.1 Information of the input data from the 10 cases described in this 
report. 

Case Documented case Field observation by author 

Laisvall X X 

Zinkgruvan X  

Garpenberg* X X 

Pyhäsalmi* X X 

Brofjorden X  

Äspö* X  

Stripa X  

Kobbskaret X X 

Heggura X  

Tosen*  X 
* These cases are also based on personal communication with the mining/tunnel or underground facility staff.  
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2 LAISVALL 

2.1 General information 

The Laisvall mine in Northern Sweden was a lead-zinc mine operated by Boliden 
Mineral AB. The mining in Laisvall came to an end in the year 2001. Krauland and 
Söder (1989) and Krauland et al. (1989) described a full-scale pillar test, conducted 
between 1983 and 1988, in the Laisvall mine in an orebody named Nadok. The full-
scale test was conducted on 9 pillars to estimate the pillar strength, see Figure 2.1, in 
order to obtain realistic future design values. 
 
The pillars were subjected to increased stresses by decreasing the cross-sectional area of 
the pillars. This was accomplished by slice blasting that reduced their width and length 
by approximately 0.4 m, in each of the 6 mining steps (see Table 2.1). The process was 
continued until pillar or roof/floor failure occurred. Cautious blasting was applied, 
which resulted in a minimum of blast damage. 
 
The pillar fracturing, due to increased loading, was followed up by failure mapping. 
The development of failure was divided into different classes according to Table 2.2. 
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Figure 2.1 Overview of the test pillar area in Laisvall Nadok ore.  

Table 2.1 Geometrical changes due to cutting pillar sides. 

Mining 

step 

Date of 

blast 

Height 

(m) 

Width 

(m) 

Length 

(m) 

Area 

(m2) 

Pillar 

area* (%)  

Calculated pillar 

stress by Coates 

formula (MPa) 
0  4.6 7.4 8.1 54.5 18.9 18.0 
1 85-08-16 4.6 6.7 7.8 46.7 16.1 19.7 
2 85-08-26 4.6 6.3 7.2 42.7 14.8 20.6 
3a 85-09-25 4.6 6.1 6.9 40.2 14.0 21.4 
3b 85-09-30 4.6 5.9 6.6 37.1 12.9 22.7 
4 85-10-28 4.6 5.5 6.2 32.4 11.3 24.8 
5 87-11-21 4.6 4.9 5.9 28.8 10.0 27.2 
6 87-12-18 4.6 4.5 5.3 23.4 8.1 31.2 

* Area of total pillar test area. 

 

 

Rib pillar 

8.5 m 

N Pillar nr. 1-9 
constitutes 
the test area 
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Table 2.2 Description of the pillar condition classes. 

Class Description 
0 No fractures 
1 Slight spalling of pillar corners and pillar walls, short fracture length in relation to pillar height, sub 

parallel to pillar walls 
2 One or few coherent fractures near pillar surface, distinct spalling 
3 Fractures also in central parts of pillar, but not coherent 
4 One or a few coherent fractures in central parts, dividing the pillar into two or more major parts; 

fractures may be diagonal or parallel to pillar walls 

 
 General mining method in the mine: Room and pillar mining 
 Annual production: 1.6 Mt 
 Typical pillar width/length/height [m]: 6/7/5 
 Mine backfill: cement stabilised fill 
 Rock reinforcement: cement grouted rebar rock bolts (Ø 25 mm, L=2.3 m) 

with an average of 0.42 rockbolts/m2 
 Orebody shape: disseminated ore in quartzitic sandstones, interlayed with clayey 

sandstones.  
 Orientation of orebody: flatlying (quartzitic sandstone) 
 Overview of geology: There were four main orebodies in the mine; most of 

them occurring in the lower sandstone. The sandstone is interlayed with thin 
shale partings and overlayed by Lower Cambrian clayey schist. The Nadok 
orebody is in the upper sandstone with a maximum ore thickness of 11 m which 
is overlain by clayey schists. See Table 2.5 for more information.  

 

2.2 Detailed information of the full scale pillar test in Laisvall   

Detailed information of the failure and stress data is given in Table 2.3 and Table 2.4, 
respectively. 

Table 2.3 Failure information. 

Description Initial spalling, spalling and shearing 
Time of occurrence Initial spalling: 85-08-16; spalling and shearing: 85-09-25 
Volume involved None to small volume that failed from the pillar 
Mining depth The overlying strata above the Nadok orebody varies 

between 110-300 m 
Mining geometry at the 
time of occurrence 

A possible collapse of the test area should not propagate to 
adjacent mining areas, hence the test area was surrounded by 
rib-pillars.  

Dimension of 
excavation near failure 

Span of the room: 11 m, crosscut: 8.5 m  
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Table 2.4 Stress data. 

1. Stress data based on measurement 
Kind of stress 
measurement 

Doorstopper overcoring (2D). The boreholes were 
horizontally drilled into the pillar. 

Location of stress 
measurement 

Measured in pillar 5 and 9, see Figure 2.1. The borehole in 
pillar 5 was drilled approximately in geographic North 
orientation while the borehole in pillar 9 was perpendicular to 
the North orientation. The result of stress measurements in 
pillar 5 and 9 can be seen in Figure 2.2 and Figure 2.3 
respectively. 

Major principal stresses 
in pillar 5 (average 
values) 

[MPa] Orientation (θ, [°]) see Figure 2.4 

σ1 21.9 -5.3 
σ2 1.0 - 
σ3 - - 

Major principal stresses 
in pillar 9 (average 
values) 

[MPa] Orientation (θ, [°]) see Figure 2.4 

σ1 22.9 3.1 
σ2 1.5 - 
σ3 - - 
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Figure 2.2 Result of stress measurements in pillar 5, before mining and after 
mining step 3. The orientation of σ1, after mining step 3, is marked 
as θ. The vertical line is the pillar side after mining step 3. 
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Figure 2.3 Result of stress measurements in pillar 9, before mining and after 
mining step 3. The orientation of σ1, after mining step 3, is marked 
as θ. The vertical line is the pillar side after mining step 3. 

 

Figure 2.4 Schematic picture explaining the angle θ [°], the orientation of 
major principal stress from the y-axis.  
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Table 2.5 Rock properties.  

Type 1 Type 2 Type 3 Type 4  
Rock type/types Sandstone Conglomerate 

schist 
Schist - 

UCS of intact rock 
[MPa] * 

210 (range 
130-290) 

160 (range 
105-210) 

130 
(range 

50-220) 

- 

Young’s 
modulus [GPa]  

50 - 40 - 

Faults - 
Joint set properties Orientation 

(strike/dip) 
Spacing[m] Length[m] 

1 Horizontal 0.2-1.2  Continuous 
2 Vertical 0.3-1.5 0.1-3 

Joint strength for 
joint set nr 

1 2 
 

filling presence of shale, 
assumed clay on joint 

wall 

fresh joint walls 

alteration  slightly rough joints 
waviness small undulations on 

wall 
planar joints 

 
* Range is minimum and maximum values 
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3 ZINKGRUVAN  

3.1 General information 

The Zinkgruvan mine, owned by the Zinkgruvan Mining AB, is located in the south-
central part of Sweden. The two first cases presented here are from Nygruvan, while 
the third case is from the Burkland area. Both in Nygruvan and the Burkland area the 
mining is currently progressed at 1000 m depth. The Nygruvan and Burkland 
orebodies are lead-zinc deposits and oriented nearly perpendicular to each other, see 
Figure 3.1.  

Felsic Metavolcanics
Volcaniclastics
Quartzites
Marbles
Argillitic Metasediments

Metabasite
Early- / Late - Orogenic Granites
Post - Orogenic Granites

Quartz - Microcline Rocks
Pb - Zn Ore

Pb - Zn  Mineralization
Pyrrhotite 

Mineralization
Iron Oxide Ore
Fault
Shaft  

Figure 3.1 Regional geology of the Zinkgruvan area (north is given as 
geographic north in the figure, from Sjöberg, 2005). The 

Burkland 

Local X-axis 

Local Y-axis 
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approximate directions of the X and Y axis are also given. 

Zinkgruvan is using a local coordinate system which is oriented with the main strike 
orientation of Nygruvan. The local X-axis is oriented 54.995° and the Y-axis is 
oriented 144.995° east of geographic north.  
 
Two cases (stope no 24 and 42) will be presented for the Nygruvan mine, with 
locations shown in Figure 3.2 and Figure 3.3. 

 

Figure 3.2 Overview of the orebody shape in Nygruvan and the location of the 
two stopes, with mining as of 1989. (modified from Sjöberg, 1989). 
North is given as geographic north.  

 General mining method in the mine: At the time of failure: cut and fill mining. 
A 7 metre thick sill pillar was left between 455 and 448 metre level. As final 
mining step of the stopes at 500 m depth, open stoping (with or without 
subsequent backfilling) was used. The mining in Nygruvan (year 1992) can be 

Stope no 24 

Stope no 42 
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seen in Figure 3.3. (Today: Sublevel stoping is used with subsequent backfill 
with cemented pastefill). 

 

Figure 3.3 Vertical longitudinal section showing the mined out parts of 
Nygruvan in year 1992 (from Sjöberg, 1992-b). The locations of the 
two studied cases are marked. 

 Typical stope size (tons): Stope height is 50 meters above 500 m depth and 150 
m below.  

 Typical stoping width: (ore thickness in high grade zone = 2-20 m, thickness of 
lowgrade zone = 0.5-4 m (Sjöberg and Tillman, 1990-b)) 

 Typical production blast size (tons): At the time of failure, the annual production 
was 700 000 tons. No specific information of the production blast size. 

 Mine backfill: cemented backfill or no backfill in the final mining of a stope. 
 Rock reinforcement: Grouted rebars, Swellex bolts and expansion shell 

anchored bolts, together with mesh and cable bolts.  
 Orebody shape: The mine comprise several orebodies, all located in a syncline 

structure. The Nygruvan mine is a steeply dipping tabular orebody which 
consists of two ore lenses, 1.5 to 10 metres apart (Sjöberg and Tillman, 1990-b). 

 Orientation of orebody: The orebody strike in northwest-sotheast and dip 
steeply (65-80°) toward the northeast (Sjöberg and Tillman, 1990-b) 

 Overview of geology: The orebody in Nygruvan is of high strength and typical 
rock types are massive, siliceous meta tuffites named leptites. Hence, the rock 
mass can be defined as homogenous and massive with a low joint frequency, but 
with a natural bedding parallel to the ore dip (Sjöberg, 1992-a). Weaker zones of 

1 2 

1. Stope no 24 2. Stope no 42 
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biotite layers and limestone occur in the footwall and the ore zone, respectively. 
Whenever a limestone bed is present in the ore, fallouts (“churching”) occurs, as 
in Figure 3.4. The geology in Zinkgruvan is very consistent and the same 
stratigraphy can be found throughout the mine. For more detailed information 
of the rock properties, see Table 3.4.  

 

Figure 3.4 “Churching” due to the weak limestone bed in the ore (from 
Sjöberg, 1992-a).  

 

3.2 Detailed information of stope no 24 from Zinkgruvan 

 General information of stope no 24: Located in the western part of 
Nygruvan. Sublevel stoping was the final mining method used for the stope.  

 Typical stope size: Length:110 m, see also Figure 3.5. 
 Typical stoping width: 8-16 m. 

 
Detailed information of the failure and stress data is given in Table 3.1 and Table 3.2, 
respectively. 
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Figure 3.5 Longitudinal section of Stope no 24.  

Table  3.1 Failure information. 

Description Four major modes of failure occurred at the final mining of the 500 

m level (Sjöberg and Tillman, 1990-b). 

1. Rock fall-outs from the footwall contact 

2. Horizontal splitting of the roof 

3. Heaving of the floor and vertical tension fracturing 

4. Vertical splitting and buckling of the footwall. 

 

Here, the horizontal slabbing, spalling in the roof, is described, 

where the installed reinforcement was heavily damaged, see Figure 

3.6. Spalling occurs more or less irrespective of geology and was the 

most common failure mode in the mine (Sjöberg, 1992-a). The 

second stage of horizontal splitting was the regional failure. These 

stages could not be totally separated from each other. 

Time of occurrence During mining 

Volume involved 0.1 to 0.2 metre thick slices, the failed zone in the roof is 0.5 -0.75 

m depth in the roof. Occurred when σ1 = 80 ± 5 MPa (based on 

back analysis performed by Sjöberg and Tillman, 1990-a) 

Mining depth 455 m depth (local mining depth) 

Mining geometry at 

the time of 

occurrence 

Final mining of the stope, adjacent stope, west of stope 24 is mined 

up to the sill pillar at 455 m depth. A 12 m thick sill pillar is left at 

the stope east of stope 24 with a depth down to 460 m. At each side 

of the stope, vertical pillars are left.  

Dimension of 

excavation near 

failure 

Based on typical stope sizes described here - About 250 metres2 

Fill 

Stope no 24 
West East 
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Figure 3.6 Spalling in the stope roof; a) local failure and b) regional failure 
(Sjöberg, 1992-b). 

 

a) b) 
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Table  3.2 Stress data for stope no 24. 

1. Stress data based on measurement 
Kind of stress 
measurement 

3D-overcoring 

Location of stress 
measurement 

See footnotes. 

Major principal stresses 
(average values)* 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 45.6 300/03 
σ2 31.8 032/33 
σ3 25.9 206/57 

Major principal stresses 
(average values)**, see 
Figure 3.7 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 38.5 195/6 
σ2 29 224/8 
σ3 18 135/83 

Major principal stresses 
(average values)***, see 
Figure 3.7 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 69 9/10 
σ2 30 101/9 
σ3 5 232/77 

2. Stress data based on knowledge/assumptions/previous measurements 
Stress profile (versus 
depth) (minewide) **** 

[MPa] Orientation (dip orientation/dip [°]) 

σv 6.7 + 0.039z Oriented parallel to the orebody 
σH 17.9 + 0.014z Oriented perpendicular to the orebody 
σh 0.027z Vertical stress 

* From Leijon (1983) at 790 m depth, 7 tests (in Sjöberg, 2005). Represents virgin/undisturbed stresses (local ore 
orientation=298/86=strike/dip). 

** From Leijon (1983) at 473 m depth in room 24, 9 tests (in Sjöberg, 2005). The presented stresses are average values from 
the measured stresses. 

*** From Leijon (1986) at 455 m depth in room 24, 2 tests (in Sjöberg, 2005). The presented stresses are average values from 
the measured stresses. 

***The virgin stress state is back analysed from stress measurements in areas disturbed by mining activities (Sjöberg and 
Tillman, 1990-a). These can be approximated (at 500 m level) by the assumed Linear stress profile in Table 3.3. 
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Figure 3.7 Comparison of measured and determined stresses in Stope 24 (from 
Sjöberg, 1989). 

Table  3.3 Linear stress profile in the Nygruvan mine (from Sjöberg, 2005). 

Stress profile (versus 
depth) (minewide) * 

[MPa] Orientation (dip orientation/dip [°]) 

σv 0.028z vertical 

σH 0.068z 180/0 

σh 0.047z 90/0 
* a linear stress profile was assumed to fit stress measurements at 960 m depth in Burkland and stress measurements in 
Nygruvan (access drift ), z is the depth below ground surface (Sjöberg, 2005). 

 
Notations: 
Spänning = stress 
Avstånd från tak = distance from roof 
Uppmätta värden = measured values 
Beräknade värden = determined values 
Spänning tvärs malmen = stress perpendicular to ore 
Vertikalspänning = the vertical stress 

Measurement 1 in 1982 Measurement 2 in 1986 

478 m depth 459 m depth 
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Table  3.4 Rock properties (from Sjöberg and Tillman, 1990-a). 

Type 1 Type 2 Type 3 Type 4 Type 5  
 Leptite Skarn Limestone Zn-ore 

compact 
Zn-ore 

impregnated 
UCS of intact rock 
[MPa] 

263 244 - 226 215 

Young’s modulus 
[GPa]  

65.2-85.6 - 52.6 68.2-79.5 68.5-71.7 

Poisson’s ratio 0.25 - 0.38 0.25 0.23-0.25 
 
Rock type/types 

Type 6 Type 7 Type 8 Type 9 Type 10 

 Hanging-
wall 

Parallel 
ore 

Middle 
portion 

Main ore Footwall 

UCS of intact rock 
[MPa] 

257 248 265 236 264 

Young’s modulus 
[GPa]  

80 - 90 80 77 

Poisson’s ratio 0.25 - 0.24 0.28 0.25 
Joint set 
properties 

Orientation (strike/dip) Spacing[m] Length[m] 

1 joints in ore zone - - 
2 joints in hangingwall - - 

Joint strength for 
joint set nr 

1 2 

friction angle (ø) low low 
cohesion (c) low low 
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3.3 Detailed information of stope no 42 from Zinkgruvan 

 General information of stope no 42: Located in the eastern part of Nygruvan. 
The final mining method used for this stope was sublevel stoping withhout 
backfill, see also Table 3.5 

 Typical stope size: Length:70 m, see also Figure 3.8. 
 Typical stoping width: 6 m. 

 

Figure 3.8 Longitudinal section of stope no 42. 

Table  3.5 Failure information. 

Description Four major modes of failure occurred at the final mining of the 500 m level 

(Sjöberg and Tillman, 1990-b). 

1. Rock fall-outs from the footwall contact 

2. Horizontal splitting of the roof 

3. Heaving of the floor and vertical tension fracturing 

4. Vertical splitting and buckling of the footwall. 

Here, horizontal slabbing, spalling in the roof are described. The hypothesis 

of failure initiation for stope no 42 can be seen in Figure 3.9. The stress data 

for stope 42 can be seen in Table 3.6 and the rock properties in Table 3.8. 
Time of 
occurrence 

During mining. 

Volume 
involved 

Small volume for the horizontal slabbing, thin slabbings of 0.1-0.2 m 

thickness The failed zone in the roof is 0.5 - 0.75 m deep. Failure occurred 

when σ1 = 80 ± 5 MPa (based on backanalysis performed by Sjöberg and 

Tillman, 1990-a). 
Mining depth 460-470 m 
Mining 
geometry at 
the time of 
occurrence 

Final mining of the stope. West of stope 42 a 12 m thick sill pillar has been 

left, while in the stope at the eastern side has been mined up to 455 m 

depth. At each side of the stope, vertical pillars are left. At the time of 

failure 2/3 of the stope was mined.  

Stope no 42 

Fill 

West East 
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Table 3.5  (continued). 
Dimension of 
excavation near 
failure 

Based on typical stope sizes described here - About 200 metres2 

 

Figure 3.9 Failure hypothesis for stope no 42. Spalling and fallouts occurs as the 
two drifts are being prepared (from Sjöberg, 1992-b). 
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Table  3.6 Stress data for stope no 42. 

1. Stress data based on measurement 

Kind of stress 

measurement 

3D-overcoring 

Location of stress 

measurement 

See respectively footnotes. 

Major principal stresses * [MPa] Orientation (dip orientation/dip [°]) 

σ1 45.6 300/03 

σ2 31.8 032/33 

σ3 25.9 206/57 

Major principal stresses ** [MPa] Orientation (dip orientation/dip [°]) 

σ1 41.5 236/11 

σ2 26 231/7.5 

σ3 14 123/82 

2. Stress data based on knowledge/assumptions/previous measurements 

Stress profile (versus 

depth) (minewide) *** 

[MPa] Orientation (dip orientation/dip [°]) 

σv 6.7 + 0.039z Oriented parallel to the orebody 

σH 17.9 + 0.014z Oriented perpendicular to the orebody 

σh 0.027z Vertical stress 
* From Leijon (1983) at 790 m depth, 7 tests (in Sjöberg, 2005). Represents virgin/undisturbed stresses (local ore 
orientation=298/86=strike/dip). 

** From Leijon (1983) at 609 m depth in room 44, 12 tests (in Sjöberg, 2005). The presented secondary stresses are average 
values from the measured stresses. 

***The virgin stress state is back analysed from stress measurements in areas disturbed by mining activities (Sjöberg and 
Tillman, 1990-a). These can be approximated (at 500 m level) by the assumed Linear stress profile in Table 3.7. 

Table  3.7 Linear stress profile in the Nygruvan mine (from Sjöberg, 2005). 

Stress profile (versus 

depth) (minewide) * 

[MPa] Orientation (dip orientation/dip [°]) 

σv 0.028z vertical 

σH 0.068z 180/0 

σh 0.047z 90/0 
* a linear stress profile was assumed to fit stress measurements at 960 m depth in Burkland and stress measurements in 
Nygruvan (access drift ), z is the depth below ground surface (Sjöberg, 2005). 
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Table  3.8 Rock properties (from Sjöberg and Tillman, 1990-a). 

Type 1 Type 2 Type 3 Type 4 Type 5  
Rock type/types Leptite Skarn Limestone Zn-ore 

compact 
Zn-ore 
impregnated 

UCS of intact rock 
[MPa] 

263 244 - 226 215 

Young’s modulus 
[GPa]  

65.2-85.6 - 52.6 68.2-79.5 68.5-71.7 

Poisson’s ratio 0.25 - 0.38 0.25 0.23-0.25 
      
Rock type/types Type 6 Type 7 Type 8 Type 9 Type 10 
 Hanging 

wall 
Parallel 
ore 

Middle 
portion 

Main ore Footwall 

UCS of intact rock 
[MPa] 

257 248 265 236 264 

Young’s modulus 
[GPa]  

80 - 90 80 77 

Poisson’s ratio 0.25 - 0.24 0.28 0.25 
      
Faults      

continuity discontinuous 
planarity planar 
infilling biotite zones in the footwall 
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3.4 Detailed information of the Burkland area in Zinkgruvan 

BURKLAND: 
 Failure occurred in an exploration drift which was undisturbed by adjacent 

mining, see Table 3.9. 
 Generally about mining in the Burkland area: No mining has been conducted in 

the copper ore, only drifting has been performed. 
 Overview of geology: The orebody in Burkland is generally of high strength and 

typical rock types are massive, siliceous meta tuffites named leptites. Locally in 
the Burkland area the leptites contain biotite zones which reduce the strength 
significantly. More information of the stress data and rock properties can be 
found in Table 3.10 and Table 3.11, respectively.  

 
 Exploration drift width: 4.7 m, see Figure 3.10. 
 Exploration drift height: 4.5 m, see Figure 3.10. 
 Location of exploration drift, see Figure 3.11. 
 Rock reinforcement in exploration drift: Shotcrete and systematic bolting  

 

 

Figure 3.10 Schematic cross section of the exploration drift [Not to scale].  

 

4.7 m 

4 m 

0.5 m 
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Figure 3.11 Horizontal view showing the exploration drift at the 965 m level, 
with mapped geology and the copper orebody* shown in red, and 
area of observed spalling failure marked.  

* The copper orebody is striking in a subparallel orientation to the Burkland lead-zinc ore, being situated on the hangingwall 
side of the zinc orebody at a distance of roughly 15 to 50 m. No mining conducted in the copper ore. 

Table  3.9 Failure information (based on Sjöberg, 2005). 

Description Spalling in an exploration drift, with fresh failure surface, which 

indicates intact rock mass failure, not influenced by geological 

structures. As seen in Figure 3.10, failure did not occur before 

the drift changed direction, from being parallel to the major 

horizontal stress.  

Time of occurrence During excavation of the drift  

Volume involved Thin slices of rock. Depth of failure was limited to 0.1 to 0.2 m 

in height in the stope roof 

Mining depth at 965 m level (958 m depth below surface) 

Mining geometry at the 

time of occurrence 

Only one drift which was undisturbed by adjacent mining, see 

Figure 3.10. 

 

X-mine (local North) 

Copper ore*

Spalling (strain bursting) 
failures observed in this area σH 

σh 
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Table 3.9 (continued). 

Dimension of excavation 

near failure 

None 

Table  3.10 Stress data (from Sjöberg, 2005). 

1. Stress data based on measurement 
Kind of stress 
measurement 

overcoring 

Location of stress 
measurement 

at 958 m depth 

Major principal stresses  [MPa] Orientation (dip orientation/dip [°]) 
σ1 64 268/5 
σ2 46 0/15 
σ3 38 161/74 

2. Stress data based on knowledge/assumptions/previous measurements 
Stress profile (versus 
depth) (minewide) * 

[MPa] Orientation (dip orientation/dip [°]) 

σv 0.028z vertical 
σH 0.068z 180/0 
σh 0.047z 90/0 

* a linear stress profile was assumed to fit stress measurements at 960 m depth in Burkland and stress measurements in 
Nygruvan (access drift ), z is the depth below ground surface (Sjöberg, 2005). See Figure 3.12. 

Table  3.11 Rock properties (from Sjöberg, 2005). 

Type 1 Type 2  
 Quartz-feldspar leptite Leptite 
UCS of intact rock 
[MPa] 

163-302 219 

Young’s modulus 
[GPa]  

70-73 81 

Poisson's ratio 0.29-0.36 0.36 
Tensile strength 15-16 13 
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Figure 3.12 Measured horizontal and vertical stress components from 
undisturbed areas in Burkland and Nygruvan, along with stress 
estimates from core disking, and fitted stress profiles (equations in 
Table 3.10 are from Sjöberg, 2005). 
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4 GARPENBERG MINE 

4.1 General information 

In the Garpenberg mine, owned by the New Boliden, complex ore is extracted which 
contains zinc, silver, lead, copper and gold. More then one million ton ore is mined 
every year (Nilssen, 2004). Two cases where failure has occurred will be presented 
here. Both of these cases are unaffected by the mining. They are also both, situated in 
the Lappberget area, see Figure 4.1. The first case is a workshop and the second is an 
unreinforced, vertical raise, see Figure 4.2.  
 

Figure  4.1 The three areas where mining is carried out in the Garpenberg mine 
(Garpenbergsgruvan, Garpenberg Norra and Lappberget). 
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Figure  4.2 Horizontal view of level 880 in the Garpenberg mine. Information 
of stress data is given in Table 4.2. 

 
 General mining method in the mine: overhand cut-and-fill, leaving pillars 
 Typical stope size (tons): 100 m long, 30-40 m wide, 6 m high 
 Typical stoping width: 10 m 
 Typical production blast size (tons): 5 m advance per round 
 Mine backfill: hydraulic sand and waste rock 
 Rock reinforcement: fibre reinforced shotcrete 
 Orebody shape: The mine consists of three major orebodies, see Figure 4.2.  
 Orientation of orebody: Vertical ore with dip direction 152° 
 Overview of geology: In the referenced orebody, where failure has occurred, 

there are three ore zones/lenses, in which two of the zones have been either 
sheared or moulded off from their original “mother” ore. The ore has fold axis 
and the depth is 500-1300 m below surface. In the two areas where failure has 
occurred, the rock is homogeneous with no significant faults or joints. See 

First case 

Borehole for stress 
measurement 

Second case 

Mining area 
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information of the rock properties in Table 4.3. A weakness zone with a dip 
direction of 150° has influence on the mining area, but, according to the mining 
staff, it does not influence the rock mechanical behaviour in these two cases. 

 

4.2 Detailed information of the workshop in the Garpenberg 
mine 

Detailed information of the failure and stress data is given in Table 4.1 and Table 4.2, 
respectively. 

Table  4.1 Failure information. 

Description Spalling, shearing 

Time of occurrence Some weeks after drifting 

Volume involved small volume = initial spalling and shearing 

Mining depth 880 m 
Mining geometry at 
the time of 
occurrence 

This construction should stand during the mine’s life and pillars 
were preserved to maintain the stability. The mining area is 175 m 
from this construction, hence, the pillars are unaffected by the 
mining. 

Dimension of 
excavation near 
failure 

6 pillars: width=6 m, length=12 m, height=6 m, Distance between 
pillar centres = 16 m.  
These 6 pillars are surrounded by rib-pillars, see Figure 4.3.  

Table  4.2 Stress data (based on Nilssen, 2004). 

1. Stress data based on measurement 
Kind of stress 
measurement 

3D overcoring in a 18.5 m deep borehole in limestone. Nine 
single measurements were taken between 14.5-18.5 m 
borehole depths.  

Location of stress 
measurement 

Approximately 100 m from the area of failure 

Major principal stresses 
at level 883 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 45 307/78 
σ2 24 62/27 
σ3 20 211/67 

Measured vertical and 
horizontal orientation 
stresses at level 883 

[MPa] Dip orientation [°] 

σv 24 - 
σH 44 306 
σh 21 216 
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Figure  4.3 Horizontal view of the workshop at level 880 (north is given as 
geographic north in the figure). 

 Table  4.3 Rock properties.  

Type 1  
Rock type/types limestone 
UCS of intact rock 
[MPa] 

73 

Young’s 
modulus [GPa]  

55 

Faults/joints No significant faults or joints 
Poisson’s ratio 0.17 

 
 

Damaged area 

Borehole for stress 
measurement 

raise 

N 

Workshop area 
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4.3 Detailed information of the raise in the Garpenberg mine 

Information of the failure, stress data and rock properties are presented in Table 4.4, 4.5 
and 4.6, respectively.  

Table  4.4 Failure information. 

Description Initial spalling, spalling.  
Time of occurrence Starting directly after drifting and is still continuing. 
Volume involved Small volume, see Figure 4.4. 
Mining depth 830-880 m (50 m length of the raise). 
Mining geometry at the 
time of occurrence 

The mining area is 175 m from this construction so the raise is 
unaffected by the mining. 

Dimension of 
excavation near failure 

A vertical raise with a diameter of 2.13 m. 

 
 
 

 
 
 

Figure 4.4 Raise at level 880 m (Photo: New Boliden). 

σ1 

σ1 σ2 

σ2 
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Table 4.5 Stress data. 

1. Stress data based on measurement 
Kind of stress 
measurement 

3D overcoring in an 18.5 m deep borehole in limestone. Nine 
single measurements were taken between 14.5-18.5 m 
borehole depths.  

Location of stress 
measurement 

1-50 m from the area of failure (the raise is bored straight 
above the stress measured area) 

Major principal stresses 
at level 883 (average 
values) 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 45 307/78 
σ2 24 62/27 
σ3 20 211/67 

Measured vertical and 
horizontal orientation 
stresses at level 883 
(average values) 

[MPa] Dip orientation [°] 

σv 24 - 
σH 44 306 
σh 21 216 

 

Table  4.6 Rock properties.  

Type 1 Type 2  
Rock type/types limestone Breccia 
UCS of intact rock 
[MPa] 

73 100 

Young’s 
modulus [GPa]  

55 - 

Faults/joints No significant faults or joints 
Poisson’s ratio 0.17 
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5 PYHÄSALMI MINE  

5.1 General information 

The ore in Pyhäsalmi mine in Finland is a volcanic hosted massive sulphide deposit 
with an average thickness of 70 m, a length of 650 m and a depth of 1412 m (Hakala et 
al. 2002). Current production is at 1150 to 1440 m depth and the owner is Inmet. 
Above 1150 m, the orebody is mined out.   
 

 General mining method in the mine: Open stoping with delayed fill (95%) and 
drifting 

 Typical stope size (tons): 100 000 
 Typical stoping width:18-25 m 
 Typical production blast size (tons): 8 000 
 Mine backfill: Unconsolidated rock fill and consolidated rock fill 
 Rock reinforcement: Cable bolts, rockbolts (Kirunabolt), shotcrete, fibre 

reinforced shotcrete and mesh occasionally  
 Orebody shape: Massive three-dimensional orebody, with average 

length/height/width = 420/370/200 m 
 Orientation of orebody: Strike 225, dip 0, plunge 50 
 Overview of geology: It is a massive Zn-Cu-Pyrite deposit. The volcanic rocks 

are felsic pyroclastic rocks and coherent quartz-porphyries. The mafic volcanic 
rocks are coarse-grained tuff breccias and lavas. The rock properties of the main 
rock types have been summarized in Table 5.1 (based on Hakala et al., 2002). 
Besides these, serizite schist and serizite quartzite are common rock types, with a 
uniaxial compressive strength of 40-80 MPa.  
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Table 5.1 Average intact rock properties for the main rock types in the 
Pyhäsalmi mine (from Hakala et al., 2002). 

Property Ore, 
Copper 

Ore, 
Zinc 

Pyrite Volcanite, 
felsic 

Volcanic, 
mafic 

Pegmatite 

UCS [MPa] 123 92 93 241 206 119 
Young’s 
modulus 
[GPa] 

139 98 120 68 76 63 

Poisson’s 
ratio 

0.30 0.32 0.34 0.24 0.26 0.23 

Tensile 
strength 

6.1 5.9 6.4 17 15.2 6.8 

 

5.2 Detailed information of the drift failure at 1400 level in 
the Pyhäsalmi mine   

A new drift at crossroads area caved upwards forming “a church” of about 1 m depth in 
the roof, see Figure 5.1 and Figure 5.2. Slabs of schist fell down from roof and shotcrete 
at the crossroads cracked. Noises were heard during drifting and all production in the 
nearest area was stopped after a large rockburst on January 26th 2003. More 
information of the failure is given in Table 5.2 and stress data is given in Table 5.3.  
 
The rock type in the area of failure is metamorphic with quartz-feldspar schist with 
about 75-80 % SiO2- bands of amphibole-biotite-rich mafic schist with varying 
thickness (0-50 cm) interlayed, see Table 5.4. The failed area is about 20 m from the 
massive sulphide ore contact, see Figure 5.1. 
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Figure 5.1 Horizontal view of the drift at level +1400, where failure occurred, 
also showing the mined stopes.  

 

The rockfall 
area 

Ore contact 

Figure 5.2 

50 m 
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Figure 5.2 The formed church in the drift (Photo:Inmet). 
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Table 5.2 Failure information (based on personal communication with the 
mine staff). 

Description spalling, slabbing and rock burst (cracking of shotcrete in adjacent 
drifts and crossroads area) 

Time of occurrence 2003-01-26 
Volume involved Altogether about 5-10 m3 rock fell over a period of a couple of 

weeks. 
Mining depth 1409 
Mining geometry at 
the time of 
occurrence 

Distance to nearest stope is about 25 m, which was mined 2002-07-
01 to 2003-01-06 and was open at the time of the major rockburst.  

Dimension of 
excavation near 
failure 

About 15-28 m wide, 45 m long and about 40 m in height. 

 

Table 5.3 Stress data (based on personal communication with the mine staff). 

1. Stress data based on measurement 
Kind of stress 
measurement 

Overcoring (performed in 1999 and 2000), measuring the in-
situ stresses 

Location of stress 
measurement 

Measurement have been made at levels -1125, -1325, -1350 
and -1375 using overcoring both in massive sulphide and felsic 
schists.  

1) Major principal 
stresses (average values) 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 80 40/5 
σ2 40 120/- 
σ3 40 - 

2) Major principal 
stresses at level 1350 
(average values) (Hakala et 
al., 2002) 

[MPa] Orientation (dip orientation [°]) 

σH = σ1 75 20-30 
σh 44 120-130 
σv 42 vertical 

 



42 
 
 

 

 

Table 5.4 Rock properties (based on personal communication with the mine 
staff). 

Type 1 Type 2 Type 3 Type 4  
Rock type/types Quartz-

feldspar 
schizt 

Amphibole-
biotite 
schist 

- - 

UCS of intact rock 
[MPa] 

> 200 > 100-200 - - 

Faults No significant faults 
 
Joint set 
properties 

Orientation 
(strike/dip) 

Spacing[m] Length[m] 

1 90/25-40 0.01-0.1 < 1 
2 155/84 0.5-1 0.1-10 

Joint strength 
for joint set nr 

1 2 

Joint Roughness 
Condition (JRC) 

0-4 0-4 

filling Varies from 1-20 mm or even thicker Minimal 
opening 

alteration consolidated biotite and amphibole 
with chlorite and some talc. 

Local coating 
of epidote 

waviness Very smooth and only slightly 
undulating 
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5.3 Detailed information of the access drift failure at 1300 
level in the Pyhäsalmi mine   

The specified rock type in the area of failure was massive middle to coarse grained 
sulphide, with about 35-45 % pyrite, intermediate sphalerite (1-5 %) and chalcopyrite 
(1-2 %), see Table 5.6. Barite-carbonate gangue and occasional volcanic inclusions also 
appeared. 
The following occurred in the drift (See also Table 5.5.):  

- shotcrete cracks, shotcrete dropping off, drillholes at both stopes are 
deforming, 

- massive sulphide slabbing, 
- rockfalls which also was related to rockbursts, and 
- upwards caving of about 15 m.  

Table  5.5 Failure information (based on personal communication with the 
mine staff). 

Description spalling, slabbing and rock burst 
Time of occurrence 2004-04-29 – 2004-06-17 
Volume involved Slabbing in 1-15 cm slabs, in adjacent stopes thicker and very large 

slabbing occurred (10-20 m wide), see Figure 5.3. 
Mining depth 1275-1300 
Mining geometry at 
the time of 
occurrence 

The drift was ready when mining of adjacent stopes started, see 
Figure 5.4. The seismic activity accelerated in March 2004. A peak 
in April caused most damage near the drawpoint, where pegmatite 
and areas of volcanics failed. Large slabs fell down in the adjacent 
stopes during their production.  

Dimension of 
excavation near 
failure 

Stope width 20 m, length 40 m and height 50 m. 

 
Stress data – see Table 5.3. 
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Figure 5.3 The wall of the access drift after failure (after the rock burst in April 
2004) (Photo: Inmet). 
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Figure 5.4 Horizontal view of the access drift where failure occurred and the 
mined out stopes at level +1300. 

Damaged area  

Roof caving 

Continued damage 
April-July 2004 

Figure 5.4 

50 m 
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Table 5.6 Rock properties (based on personal communication with the mine 
staff). 

Type 1 Type 2  
Rock type/types Massive sulphide (sphal) Massive sulphide (chal) 
UCS of intact rock 
[MPa] 

98 139 

Faults No significant faults 
 
Joint set 
properties 

Orientation 
(strike/dip) 

Spacing[m] Length[m] 

1 46/30 > 5 m 1-10 
Joint strength 

for joint set nr 
1 

Joint Roughness 
Condition (JRC) 

8-12 

filling Thin (< 1 mm) coating of chlorite, talc and 
carbonate 
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6 BROFJORDEN 

6.1 General information 

In the south-western part of Sweden a 2.6 million m3 underground crude oil storage 
was excavated in the end of the 1970s.  Three parallel twin-tunnels, see Figure 6.1, 
were excavated in a very good, homogeneous granite rock mass (RMR=75-80, 
Bergman and Stille, 1982).  Rock bursts from the roofs, which began to occur already 
in the access tunnels, influenced the tunnelling operations. As this case study report 
deals with typical tunnel dimensions, the events in the access tunnels firstly will be 
discussed, see Table 6.1, 6.2 and 6.3. To study the “scale factor” in the rock mass also 
two big cave-ins, which occurred in the tunnel roofs will be presented, see Table 6.4.  
 

 
 

Figure 6.1 Schematic picture of the plant showing the access tunnels to the 
three twin-tunnels (Bergman and Johnsson, 1981). 

Access tunnel 



48 
 
 

 

 

 Excavation method: drilling and blasting 
 Typical tunnel dimension: cavern tunnels:550 m2; access tunnel: 65 m2 
 Tunnel shape: horseshoe shaped 
 Rock reinforcement: 25 mm shotcrete, selective bolting, wire mesh 
 Overview of geology: The bedrock is homogeneous granite (RQD=90-100%, 

Bergman and Johnsson, 1981) with slight filling of pegmatite. Three joint sets 
dominated and a few steep fault zones traversed the tunnels at favourable angles. 
Water loss tests indicated a very tight rock mass at the depth of 60-90 m below 
surface (Bergman and Stille, 1982).  

6.2 Detailed information of the access tunnels in Brofjorden 

Table  6.1 Failure information. 

Description spalling, shearing, rock burst 
Time of occurrence Spalling began to occur in the access tunnels after a few 

hundred meters of excavation. In some cases crack noises were 
reported as accompanying the spalling. 

Volume involved Slices of rock with a thickness of 2-15 cm were spalled in roof 
of the access tunnels 

Excavation depth - 
Excavation geometry at 
the time of occurrence 

During construction – reinforcement was installed as soon as 
possible after drifting. 

Table  6.2 Stress data. 

1. Stress data based on measurement 
Kind of stress 
measurement 

In-situ stress measurements (2D-overcoring based on Hiltscher 
et al., 1979), convergence measurement 

Location of stress 
measurement 

The measurements were placed central in the site area, at a 
level of 5 m above the roofs of the planned storage tunnels. 
300-1000 m from access tunnels. The stresses are measured 
after the access tunnels was completed. 

In-situ horizontal stresses [MPa] Orientation 
σv - - 
σH 12-15 Perpendicular to storage tunnel, see 

Figure 6.2. (Largest major horizontal 
stress is approximately 23 MPa.) 

σh 6-9 Along the storage tunnels, see Figure 6.2. 
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Table 6.2  (continued). 
Major principal stresses (at 
another storage plant close to 
the above presented storage, 
3D overcoring) (Bergman 
and Johnsson, 1981) 

[MPa] Orientation (dip orientation/dip [°]) 

σ1 16.8 45/0 
σ2 8.4 135/0 
σ3 - - 

 

 

Figure 6.2 Horizontal in-situ compression stresses measured at storage tunnel 
top level. Positions of the convergence measurements are also 
shown. (Bergman and Johnsson, 1981).  

Convergence measurement 
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Table  6.3 Rock properties (from Olofsson, 1979). 

Type 1 Type 2  
Rock type/types Granite Pegmatite 
UCS of intact rock 
[MPa] 

200  

Young’s 
modulus [GPa]  

54 - 

Poisson´s ratio 0.13 - 
Tensile strength 
in bending [MPa] 

9.3-18.8 - 

Faults  
continuity Discontinuous, steep faults at favourable angles 
planarity - 
infilling soft infilling 

 
Joint set 
properties 

Orientation 
(strike/dip) 

Spacing[m] Length[m] 

1 Horizontal 0.2-2 - 
2 Vertical 0.2-2 - 
3 vertical 0.2-2 - 

Joint strength 
for joint set nr 

1 2 3 

Joint Roughness 
Condition (JRC) 

Rough  Rough  Rough  

 

6.3 Detailed information of the Twin tunnels in Brofjorden 

The storage tunnel dimensions are approximately 20 m wide and 30 meters heigh, see 
Figure 6.3. The height of the roof arch was 5 m, which gives an arch span ratio of 0.25. 
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Figure 6.3 Schematic picture of the storage tunnel dimension and the used 
excavation method for each bench and the gallery [Not to scale]. 

Table  6.4 Failure information. 

Description Two cave-ins, caused by compression stresses, occurred in the longest 

twin-tunnel (to the right in Figure 6.1 and lowest in Figure 6.2).  The 

rock mass quality turned to be lower in this area compared to the other 

tunnels.  

At section 170-190 m in Figure 6.2, a shallow wedge shaped strip of 

rock was crushed and fell down when the upper bench excavation had 

passed section 190. The depth of the wedge was a little more then 1 m. 

The extra stress concentration in this section was probably caused by the 

excavation of an extra communication tunnel between tunnels 3A and 

3B in Figure 6.2.  

Between the sections 550 and 580 in Figure 6.2, a 30 m long horizontal 

layer, caused by joint slip fell down on the floor. The major joint had a 
dip of 60° and intersected the roof about 6 m from and parallel to the 

outer wall. The failure occurred when the lower bench excavation had 

reached section 590, see Figure 6.2.   

 
Stress data – see Table 6.2. 
Rock properties – see Table 6.3. 

7 m 

8 m 

15 m 

1. Top heading 

2. Horizontal drilling 

3. Vertical drilling bench 

20 m 
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7 ÄSPÖ PILLAR STABILITY EXPERIMENT  

7.1 General information 

A pillar stability experiment has been carried out by the Swedish Nuclear Fuel and 
Waste Management Co in the Äspö Hard Rock Laboratory. A 1 m wide pillar, 
between two 1.75 m diameter vertical cylindrical boreholes was studied, see Figure 7.1. 
To understand the effect of confinement, temperature monitoring, displacement and 
acoustic emission events, were monitored through a loading cycle, aimed at studying 
the brittle failure process (Andersson, 2005-a). Initial spalling started during drilling of 
the first vertical hole and before heating of the rock mass started, see Table 7.1. Stress 
data based on overcoring can be seen in Table 7.3. The initial spalling strength of the 
rock mass was determined as approximately 119±6 MPa (Andersson, 2005-a).   

 

Figure 7.1 Geometry of the experiment drift.  

 
 Rock reinforcement: None 
 Overview of geology: In the Äspö area, two rock types, the Äspö diorite and the 

Äspö granite, are dominating. The diorite is a medium-grained, grey to reddish 
grey rock, generally porphyritic with kali feldspar megacrysts. The granite is a 
medium-grained, greyish red rock. In the pillar experiment area, the Äspö 
diorite dominates, see Table 7.4. The Äspö area is structurally dominated by 

5.0 m width 

7.5 m high drift 

Ø 1.75 m, 6.7 m 
deep boreholes 

1 m thick pillar 
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regional brittle-ductile shear zones striking NE-SW which are associated with 
high conductivity. In the specific pillar case, described here, mylonite and 
oxidized zones (which had lower strength than the diorite) occurred in the pillar 
at several locations. Examples from the geological mapping of the pillar sides are 
presented together with their explanation in Figure 7.2 to Figure 7.4. 

 

 

Figure 7.2 Explanation for the geological mapping. The schematic picture 
shows the vertical lines A and D in the Figure 7.3 and 7.4 in 
relation to the pillar geometry. After Andersson, 2005-c. 
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Figure 7.3 Represents the geological mapping of the pillar side DQ0066G01. 
The vertical line A corresponds to the centre of the pillar (Figure 
7.2). After Andersson, 2005-c. 
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Figure 7.4 Represents the geological mapping of the pillar side DQ0063G01. 
The vertical line A corresponds to the centre of the pillar (Figure 
7.2). After Andersson, 2005-c. 
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7.2 Detailed information of Äspö 

Table  7.1 Failure information (based on Andersson, 2005-a). 

Description Initial spalling/slabbing. Small rock slabs (chips) of the size of a 
quarter of a fingernail was formed. Next after that, thin chips 
of coin size was visible and discrete fractures started to form 
with lengths of a few centimetres to 10 cm. As more fractures 
were formed, larger slabs were created and located beneath 
each other.* 

Time of occurrence During drilling the second hole, spalling had occurred in the 
first open hole down to almost 2 m, see Table 7.2. 

Volume involved Initial spalling, small slabs were removed 
Excavation depth 450 m 
Experiment geometry at 
the time of occurrence 

Se Figure 7.1. 

* This was observed during heating of the rock.  

Table  7.2 Spalling depth at every 0.5 m after drilling. 

Depth [m] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
Initial spalling depth 
after drilling [cm] 

0 7 8 0 0 0 0 0 0 0 

Table  7.3 Stress data.  

1. Stress data based on measurement 
Kind of stress 
measurement 

Overcoring – Deep Doorstppper Gauge System (AECL, 
Canada) and Borre Probe (Tri-axial strain cell, SwedPower 
AB, Sweden) 
Hydraulic fracturing (Mesy Geo Systeme GmbH, Germany) 

Location of stress 
measurement 

75-100 m from the pillar experiment area at level 455 m 

Major principal stresses* 
(Andersson, 2005-c) 

[MPa] Orientation (dip orientation/dip 
[°])** 

σ1 30 130/90 
σ2 15 0 
σ3 10 40/90 

Or 

(Staub et al., 2004 and Andersson, 2005-b) 
σv 15-20 (local due to 

presence of fracture) 
 

σH 24 ± 5 120-150 (dip orientation)** 
σh 10-13  

* Based on convergens mesurements 

** All orientations are given in Äspö96 (to get the orientation in geographic North, subtract 12 degrees) 
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Table  7.4 Rock properties (from Staub et al., 2004).  

Type 1  
Rock type/types Diorite 
UCS of intact rock [MPa] 211 
Young´s modulus [GPa] 73.8 
Rock mass deformation 
modulus [GPa]  

55 

Poisson’s ratio 0.25 
Tensile strength [MPa] 14.9 
Density [kg/m3] 2733 
Faults  

continuity continuous 
planarity Old and sealed shear zone, with no crush or open 

fractures 
infilling Mylonite 

Tunnel orientation - 33 
Joint set 
properties * 

Orientation (strike/dip) Spacing[m] Length[m] 

1 25/60 Shear zone Continuous 
2 125/85 - - 
3 33/0 - - 

Joint strength 
for joint set nr 

1 2 3 
 

filling Chlorite, epidote 
and calcite 

Chlorite, epidote 
and calcite 

Chlorite, epidote 
and calcite 

alteration - - - 
waviness - - - 

 
*The average joint frequency is 1.03 joints/m.  
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8 STRIPA (LARGE SCALE TEST) 

8.1 General information 

The following case is based on a technical report written by Thorpe, et al. (1980). Tests 
were performed to investigate the strength and mechanical behaviour of a large-scale 
sample under uniaxial compression and to study the hydraulic properties of the rock.  
 
The monotonic increase in axial loading was applied by a loading piston driven by a 
servo-controlled hydraulic actuator. To minimize eccentric and non-uniform loading, 
loads were transferred from the piston to the sample through a series of crush and 
loading plates. 
 
A map of the post-failure fracturing on the surface of the core was prepared. As a result 
of the mapping, much of the induced fracturing followed the major pre-existing joints. 
As mentioned by Thorpe et al. (1980), the stress, displacement, and hydraulic boundary 
conditions of such compressive tests are not generally representative for the boundary 
conditions in an in situ rock mass. It should be mentioned that during the preparation 
of the sample, it was gently separated by fracture B, see Figure 8.1. The two halves 
were re-seated so that the sample was in the same condition as before the separation. 
Due to the separation, the fracture could be inspected and mapped. More information 
of the failure can be seen in Table 8.1 and stress data is given in Table 8.2.  
 

 Excavation method: The rock sample was cut, by a slot drilling technique 
 Sample dimension: 1 m diameter and 2 m long, see Figure 8.2 
 Sample shape: Cylinder 
 Rock reinforcement: None 
 Overview of geology: The sampling site is about 20 m horizontally from the 

orebody, which contains a synclinal leptite formation. The sample is a granitic 
(quartz monzonite) core from the Stripa mine in Sweden. The major minerals of 
the rock matrix were quartz, plagioclase and microcline, see Table 8.3. 
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Figure 8.1 All detected fractures in the Stripa core before loading. 

 

Figure 8.2 Photo of the large Stripa core. 
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8.2 Detailed information of the large scale test in Stripa  

Table  8.1 Failure information. 

Description a combination of brittle fracturing of intact rock and 
shearing failure along a joint 

Time of occurrence 10 hours after starting the axial load test 
Volume involved Small volume 
Excavation depth The sample was recovered at the 360 m level, with its 

long axis oriented horizontal 

Table  8.2 Stress data.  

1. Stress data based on measurement 
Kind of stress 
measurement 

Large triaxial vessel 

Peak unconfined 
compressive strength 

7.55 MPa 

 



62 
 
 

 

 

Table  8.3 Rock properties.  

Type 1  
Rock type/types granitic (quartz monzonite) rock sample 
UCS of intact rock 
[MPa] 

σc=178, 208 and 214 MPa. 

Density [kg/m3] 2648.84 (2650) 
Young’s modulus 
[GPa]  

55 (small sample), tangent modulus of deformation prior to failure 
was 52.3. 

Joint set properties Orientation 
(strike/dip) 

Spacing[m] Length[m] 

1 (A,B and C in 
Figure 8.1) 

Approximately normal to 
the core axis 

0.15-0.65 Essentially continuous 
surfaces 

2 (D,E and F in 
Figure 8.1) 

25°-30° to the long axis 
of the core 

0.12-0.3 Discontinuous 

Joint strength for 
joint set nr 

1 2 

friction angle (ø) 55° 55° 
cohesion (c) 7.3 MPa 7.3 MPa 

Joint Roughness 
Condition (JRC) 

1-4, Slickensided 1-4, Planar 

Joint Compressive 
strength (JCS) 

- - 

basic friction angle 
(øb) 

- - 

filling Chlorite, calcite and sercite. 
Thickness < 1 mm 

Calcite, chlorite and sercite.  
Thickness < 1 mm 

alteration - - 
waviness - - 
remarks Curved joints Partly open 
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9 THE KOBBSKARET TUNNEL IN NORWAY 

9.1 General information 

The Kobbskaret road tunnel, situated in Northern Norway, was officially opened in 
1986. Due to high rock stresses, heavy spalling occurred both during excavation and 
after finishing the tunnel. The tunnel is inclined with 5.5‰, and crosses through a 
mountain range between a fjord and a valley.  The mountains in the area have heights 
of 1000 m above sea level, see Figure 9.1. There has been a series of failures during the 
years, 5 fallouts has been documented from 1997 – 2004, see Table 9.1 and Table 9.2. 
 

 

Figure 9.1 Entrance to the Kobbskaret tunnel and the mountain it crosses. 

entrance 
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Table  9.1 Occurrence of fallouts in the Kobbskaret-tunnel (Statens vegvesen). 

 Year 

Tunnel 

1997 1998 1999 2000 2001 2002 2003 2004 Sum 

Kobbskaret 2 - 1 - - 2 - - 5 

 
 Excavation method: Conventional drill and blast tunnelling from both ends. 
 Typical tunnel dimension: about 45-50 m2, total length 4457 m 
 Tunnel shape: Horseshoe shaped, with orientation ≈ 315°, see Figure 9.2 and 

Figure 9.4. 
 Rock reinforcement: Wet mix fibre reinforced shotcrete (10-150 mm), and 2.4 

to 3.2 m expansion shell point anchored tube bolts. The bolts were fully grouted 
through the hollow shanks to form a permanent bolt support.  

 Overview of geology: The region is characterised by extensive exfoliation, 
spalling and buckling of slabs at the rock surface, which indicated high, 
horizontal tectonic stresses. Along the entire tunnel length, the rock mass is 
composed by precambrian coarse grained gneissic granite (Kildemo, 1985), see 
Table 9.4. The grain size of the rock type can vary and the rock can sometimes 
be more or less brittle in behaviour.  

 

 

Figure 9.2 Schematic cross section of the Kobbskaret tunnel [Not to scale]. 

6 m 

9 m 
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9.2 Detailed information of the Kobbskaret tunnel  

Table  9.2 Failure information. 

Description Heavy spalling which occurred in the tunnel roof over most of 
the tunnel length. The most intense area was at 2000 m from 
the south opening, where the overburden was about 550 m 
(Kildemo, 1985). The foliations directs the stresses and the 
failure intensity increases with increased foliation. Stress data is 
in Table 9.3. 

Time of occurrence During excavation in the southern part and about one month 
after the official opening of the tunnel (more than a year after 
initial excavation), in the northern part. 

Volume involved No microcracks were observed deeper than 0.20 m from 
surface (Myrvang et al., 1997). 

Excavation depth 25-600 m, see Figure 9.3. 
Excavation geometry at 
the time of occurrence 

Failure has occurred both during excavation and after 
complete tunnelling, see Table 9.1. 

 

 

Figure 9.3 Schematic cross section through the Kobbskaret tunnel [Not to 
scale]. 

25-600 m 

σ1 

σ3 

spalling 

Surface/orientation of mountain range 
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Table  9.3 Stress data. 

1. Stress data based on measurement 
Kind of stress 
measurement 

3D overcoring 

Location of stress 
measurement 

One kilometre from the south opening of the tunnel where 
the overburden is about 630 m. Since there are large variations 
in overburden the stresses will also show a significant variation.  
A depth of 630 m represents a maximum overburden. 

Orientation of tunnel Oriented: 315°, inclined 5.5‰ 
Major principal stresses [MPa] Orientation (dip orientation/dip [°]) 

σ1 26.4 Semi-horizontal, parallel with the 
range, normal to tunnel axis (355/10), 

see Figure 9.3 and Figure 9.4. 
σ2 15.7 Semi-horizontal, parallel with tunnel 

axis (88/18), see Figure 9.4 and Figure 
9.5. 

σ3 11.5 Almost vertical (237/69) 

Table  9.4 Rock properties.  

Type 1  
Rock type/types Gneissic granite 
UCS of intact rock 
[MPa] 

77-177 (mostly in lower range) (Kildemo, 1985) (m=109.5) 
36-143 (mostly in lower range) (Myrvang et al., 1997) 

Young’s 
modulus [GPa]  

14-30 (mostly in lower range) (Kildemo, 1985) (m=19) 
13-22 (Myrvang et al., 1997) 

Poisson´s ratio 0.09-0.20 (Kildemo, 1985) (m=0.12) 
0.08-0.15 (Myrvang et al., 1997) 

Density [kg/m3] 2642 (Kildemo, 1985) 
Faults  

continuity Continuous foliation (strike 50, varying dip) (Kildemo, 1985) 
planarity - 
infilling - 
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Figure 9.4 Overview of the Kobbskaret tunnel and the orientation of measured 
stresses (from Kildemo, 1985). 
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Figure 9.5 Cross section through the Kobbskaret tunnel and the orientation of 
measured stresses (from Kildemo, 1985). 
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10 THE HEGGURA TUNNEL IN NORWAY 

10.1 General information 

The Heggura road tunnel, situated in Western Norway, was constructed in 1981-1982 
and it was the first tunnel in Norway where steel fibre reinforced shotcrete was applied. 
The tunnel is only a few meters above sea level, see Figure 10.1. 
 

 

Figure 10.1 Schematic cross section through the Heggura tunnel [Not to scale]. 

≈ 670 m 

σ1 

σ3 

spalling 

Surface/orientation of mountain range 

Water surface 
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 Excavation method: Conventional drill and blast tunnelling from both ends. 
 Typical tunnel dimension: see Figure 10.2, total length 5280 m, orientation 

140°. 
 

 

Figure 10.2 Schematic cross section of the Heggura tunnel [Not to scale]. 

 Tunnel shape: Horseshoe shaped, see Figure 10.2 
 Rock reinforcement: Spot bolting when needed with 2.4 and 3.0 m resin point 

anchored pre-stressed rock bolts. In active spalling zones, systematic bolting in 
addition to wet mix steel fibre shotcrete was used (Sörheim, 1981). The 
shotcrete was sprayed in two layers. Of the total tunnel length, 3870 m were 
supported according to this. The observed thickness of the shotcrete was 10-150 
mm (Myrvang et al., 1997). 

 Overview of geology: The tunnel is situated in a Precambrian gneiss massif, see 
Table 10.3, and is parallel with a fjord and a mountain side. It passes through a 
variety of gneisstypes.  

 

4.5 – 5 m 

9 -10 m 
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10.2 Detailed information of the Heggura tunnel  

Detailed information of the failure and stress data is given in Table 10.1 and Table 10.2, 
respectively. 

Table  10.1 Failure information. 

Description Heavy spalling in the upper right corner and partly in lower 
left corner as in Figure 10.1. (Myrvang et al., 1997). Stress data 
is given in Table 10.2. 

Time of occurrence During construction 
Volume involved - 
Excavation depth 600-700 m, overburden = 670 used in theoretical calculations 

by Sörheim (1981). 
Excavation geometry at 
the time of occurrence 

During construction – some parts were reinforced, some not. 

Table  10.2 Stress data. 

1. Stress data based on measurement 
Kind of stress 
measurement 

3D overcoring (1981) (Sörheim, 1981). 

Location of stress 
measurement 

In situ rock stresses was measured during construction of the 
tunnel. 

Major principal stresses 
from 3D overcoring at 
6020 (Sörheim, 1981) 

 [MPa] Orientation (dip orientation/dip [°]) 

σ1 25 steeply dipping (337/54), parallel with 
mountain side, see Figure 10.1. 

σ2 9 horizontal, parallel with tunnel axis 
(103/32) same orientation as the 
foliation in the area 

σ3 7 normal to the mountain side (195/33) 
Major principal stresses 
from 2D overcoring at 
6020 (Sörheim, 1981) 

 [MPa] Orientation (θ, [°]) see Figure 10.3 

σ1 25,5 2,1 
σ2 7,4 - 
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Figure 10.3 a) Orientation of the Borehole for 2D stress measurements in 
Heggura tunnel (Depth of borehole = 0.55 m) and b) the 
orientation of major principal stress from the y-axis. 

Table  10.3 Rock properties.  

Type 1  

Rock type/types Gneiss 

UCS of intact rock 

[MPa] 

67-210 (Sörheim, 1981) 

121-195 (Myrvang et al., 1997) 

Young’s 

modulus [GPa]  

10-43 (Sörheim, 1981) 

16-61 (Myrvang et al., 1997) 

Poisson´s ratio 0.15-0.28 (Sörheim, 1981) 

0.06-0.21 (Myrvang et al., 1997) 

Faults  

continuity Foliations 

planarity - 

infilling none 

 
 
 
 
 
 
 
 
 

49° 

Orientation of 

+ θ - θ σ σ 

a) b) 

x 

y 
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11 THE TOSEN TUNNEL IN NORWAY 

11.1 General information 

The tunnel is located about 90 km east of  Brönnöysund in Norway. The length of the 
tunnel is 5 857 m (Statens vegvesen, 2005) with a cross section area of ca 50 m2. The 
tunnel is inclined 40‰ towards east (Grimstad, 1981). There has been a large series of 
failures during the years, 123 fallouts has been documented from 1997 – 2004, see 
Table 11.1 and Table 11.2. These fallouts are primarily due to spalling caused by high 
stresses. Most of the fallouts occur during the spring/summer when the temperature 
raises above 20°C. The failures might be due to combination of higher temperature and 
high in situ stresses. As seen in Table 11.3, no stress measurement has been performed 
in this region. The rock properties in Table 11.4 are based on a field mapping 
performed by the author in 2005. 

Table  11.1 Occurrence of fallouts in the Tosentunnelen (Statens vegvesen). 

 Year 

Tunnel 

1997 1998 1999 2000 2001 2002 2003 2004 Sum 

Tosen 11 16 8 14 30 32 10 2 123 

 
 

 Excavation method: Drilling and blasting 
 Typical tunnel dimension: ca 50 m2, see Figure 11.1. 
 Tunnel shape: Horseshoe shaped 
 Rock reinforcement: In weak zones – bolts and mesh 
 Overview of geology: The rock mass is composed of lime-silicate-gneiss (the 

first 3 000 m from east, see Figure 11.2). Further west, the rock changes to mica 
gneiss, quartz-feldspar-gneiss and in some areas marble. The bound of the rock 
types and faults passes across the tunnel orientation. The faults are composed of 
calcspar, chlorite and mica. (Grimstad, 1981) 
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Figure 11.1 Schematic cross section of the Tosen tunnel [Not to scale]. 

 

11.2 Detailed information of the Tosen tunnel 

Table  11.2 Failure information. 

Description Spalling, slabbing and rock burst along the whole tunnel 
length. No correlation between geology and fallouts has been 
found since the fallouts have occurred all along the tunnel, see 
Figure 11.1. One of the largest spalling failures occurred at 
18300 (see Figure 11.2). 

Time of occurrence The rock bursts occurred at the time of drifting. Spalling and 
slabbing occur mostly during summertime. Continuous 
spalling, slabbing and rock bursts still occurs. 

Volume involved From initial spalling to some m3 

Excavation depth About 400 m (Statens vegvesen) 
Excavation geometry at 
the time of occurrence 

Failures have occurred both during construction and after 
completed tunnelling. 

 

5.5 – 6 m 

9  m 
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Table  11.3 Stress data. 

1. Stress data based on measurement 
Kind of stress 
measurement 

none 

Location of stress 
measurement 

- 

2. Stress data based on knowledge/assumptions/previous measurements 
 [MPa] Orientation (dip orientation/dip [°]) 

σv - - 
σH - - 
σh - - 
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Figure  11.2 Overview of the failures that have occurred in the Tosen tunnel. 
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Table  11.4 Rock properties near the 18300 spalling area (tunnel 
orientation=260°). 

Type 1 Type 2 Type 3 Type 4  
Rock type/types lime-

silicate-
gneiss 

mica gneiss  quartz-
feldspar-
gneiss 

marble 

UCS of intact rock 
[MPa] 

- - - - 

Young’s 
modulus [GPa]  

- - - - 

Faults (hypabyssal rock) 
continuity Continuous 
planarity Foliated 
infilling Quartz and biotitic 

 
Joint set 
properties 

Orientation 
(strike/dip) 

Spacing[m] Length[m] 

1 70/72 1 Continuous 
2 20/10 - continuous 
3 50/80 5 continuous 
4 - - - 

Joint strength 
for joint set nr 

1 2 3 4 

friction angle (ø) - - - - 
cohesion (c) - - - - 

Joint Roughness 
Condition (JRC) 

8-9 4 5 - 

Joint Compressive 
strength (JCS) 

- - - - 

filling Mica, quartz 
and feldspar 

Quartz Quartz - 

alteration - - - - 
waviness foliated foliated Foliated - 
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S U RV E Y  O F  RO C K  M A S S  F A I L U R E S  I N  H A R D  
RO C K  M I N E S  

PURPOSE OF SURVEY 

Knowledge of the rock mass behaviour in general, and the failure process and the strength in 
particular, is important for the design of drifts, ore passes, panel entries, tunnels and rock 
caverns. Despite the fact that research with focus on rock mass strength has been performed for 
the last 20 years, the mechanisms by which rock masses fail remain poorly understood. This 
survey proposes to summarise rock mass failures in underground hard rock mines. By 
summarising the factors that makes a failure occur, I hope to propose a general failure criterion 
that can be used to estimate the strength of hard rock masses. This survey also constitutes a 
portion of a research project concerning the strength of hard rock masses and is a part of my 
doctoral degree. 
 
This survey is distributed to underground mines in many countries around the world.  The 
focus is on hard rock masses whose failure mechanisms primarily are spalling failure and shear 
failure. The strength of a rock mass is defined as the stress at which the construction element in 
question (e.g., a stope or tunnel roof, or a pillar) cannot take any higher load.  

CONFIDENTIALITY 

All information in this survey will be held confidentially if you want. At no time will the name 
or owner of an operation be distributed, published or related to any of the data collected. I will 
not present any data that could potentially identify an individual, a company, or a mine.  

WHAT WILL YOU RECEIVE 

All respondents will receive continuously updated information concerning the results of this 
survey and a final report summarising all of the results.  See my Licentiate thesis at 
http://epubl.ltu.se/1402-1757/2004/72.   

HOW TO FILL OUT THE SURVEY 

I appreciate if you take an hour to complete this survey and that you answer it in four weeks 
after its arrival. There are three main sections in the survey.  The first section is a required 
specification that your mine has to fulfil to be interesting in the continued research.  
The second section of the survey asks for general information of the mine, geology, orebody 
and mining information. This information only needs to be completed once for each mine. 
The final section asks for specific information of the rock mass failure that has occurred in your 
mine. This part is useful for a back analysis of the failure. The final component could be 
completed for multiple failures in the mine. I encourage you to complete this section for all 
failures in the mine for which you have adequate data. If you cannot fill in every question, 
please fill in the data that you have. 

Thank you for your help! 

Please send your completed survey to: 
Catrin Edelbro 
Department for Rock Mechanics 
Lulea University of Technology 
SE-971 87 Lulea 
Sweden 

Fax: +46 920 491 935 
Email: catrin.edelbro@ltu.se  
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S E C T I O N  1  

REQUIRED SPECIFICATION 

SURVEY RESPONDENT 

 Company 

 Mine name 

 Country 

 Your name 

 Your Position 

 Date Survey Completed 

 Your Email 

 Mailing address 

 

 

DOES YOUR MINE FULFIL THE FOLLOWING REQUIREMENTS: 

If your answer is YES to the following 5 questions, I would appreciate a cooperation 
concerning my project and you can continue with the second section of this survey.  
 

1. Has rock mass failure occurred in the mine? 
 

2. Did it occur in an underground excavation? 
 

3. Is it a stress induced failure, for instance spalling, shear failure, slabbing, buckling, or 
compressive failure? 

 
4. Is the uniaxial compressive strength (in lab-scale) σc ≥ 50 MPa 

 
5. Has there been any stress measurements in the mine or do you have fair knowledge of 

the in-situ stresses? 
 
Check the following box if your answer is YES to the above questions 

 

If your answer is NO! 
Please reply this section to: 
Catrin Edelbro 
Department for Rock Mechanics 
Lulea University of Technology 
SE-971 87 Lulea 
Sweden 

Fax: +46 920 491 935 
Email: catrin.edelbro@ltu.se 
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S E C T I O N  2  
MINING INFORMATION. 

GENERAL MINING METHOD IN THE MINE 

List the approximate percentage of production that comes from each mining method: 

Open stoping with delayed fill 

Open stoping with fill 

Open stoping with no fill 

Vertical crater retreat 

Uphole retreat with delayed fill 

Uphole retreats with no fill 

  

Other, please specify  

TYPICAL STOPE SIZE, 

SEQUENCING AND MINE FILL 

Typical stoping width 

Typical stope size (tons) 

Typical mining orientation 

Typical production blast size (tons) 

Current mine backfill used 

 

ROCK REINFORCEMENT 

What kind of rock reinforcement is 

commonly used in the mine? 

 
 
 
 

Sublevel caving 

Block caving 

Room and Pillar 

Overhand Mechanised Cut&Fill 

Underhand Mechanised Cut&Fill 

1=Longitudinal, 2=Transverse,  
3= Both are used equally 

1= Unconsolidated rock fill 
2= Unconsolidated hydraulic fill 
3= Cemented rock fill 
4= Cemented hydraulic fill 
5= Paste or high density cemented fill 
6= No fill 
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S E C T I O N  2  

OREBODY SIZE AND SHAPE 

OREBODY SHAPE 

How would you best describe the shape of the orebody? 

 Single tabular orebody 

 Tabular orebodies, multiple parallel seams 

Series of lenses separated by waste rock 

 Massive three-dimensional orebody 

None of the above, please describe the shape of the orebody 

 
 
 

 

ORIENTATION OF THE OREBODY 

Average Strike   Average Dip 

  

OREBODY DIMENSIONS 

 Average length (m) 

 Average height (m) 

 Average width (m) 
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S E C T I O N  3  

DESCRIPTION OF THE FAILURE 

What kind of failure occurred? 1.Block wedges 

2.Spalling 

3.Slabbing 

4.Shear 

5.Buckling 

6.Ejection of rock due to rock burst 

Other, please specify  

When in time did the failure occur? (Year-Month) 

 

How did the failure look like? Can you please give a geometric description of the volume 

involved? Do you have any photo of the failure?  

 

 

 

 

At what mining depth did the failure occur? (In metres) 

 
 
Please specify the mining geometry at the time of failure and the closest distance from the 
failure to the nearest mining area. If you have a mining map of the area, please send a copy 
with this survey. By mining geometry, you can give specifications as mined-out, backfilled, 
planned stope etc. 

 

Finally, please describe the dimension of the excavation near the failure? 
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S E C T I O N  3  

DESCRIPTION OF THE STRESS STATE CLOSE TO FAILURE 

 

Has there been any stress measurement in the mine? Yes No 

Near the failure, please specify (by measurement or knowledge) 

 σ1 =    MPa 

σ2 =   MPa 

σ3 =    MPa 

If available, please specify your depth-equation of the stresses. 

σv =    MPa 

σH =   MPa 

σh =    MPa 

Near the failure, please specify the orientation (dip/dip orientation) of  

σ1 =    

σ2 =     

σ3 =   

 

If there has been stress measurement in the mine, please specify the location of these, with the 

failed area as a reference 

 

 

 



Appendix 1:1, Page:7 

 

 

 

 S E C T I O N  3  

ROCK TYPES, PROPERTIES, GEOLOGICAL STRUCTURES 

(CONCERNING THE ROCK MASS FAILURE) 

Rock type in the area of failure 

 Metamorphic 

 Igneous 

 Sedimentary 

Please, specify the rock type 

 

STRUCTURAL GEOLOGY: FAULTS OR ANY CONTINUOUS PLANE OF 

WEAKNESS 

Which one of these statements describes best the faults near the failure? 

 1. No significant faults 

 2. There are minor faults with no displacement since the mining started 

 3. There are minor faults with some displacement since mining started 

 4. There are mine-wide faults with no known displacement since mining started 

 5.There are mine-wide faults with some displacement since mining started 

For the faults most likely to influence the rock mass failure, how would you typically 
describe the fault’s features? 

Fault continuity 

 

Fault planarity 

 

Fault infilling 

 

 

1= Very Discontinuous, 2= Continuous up to 100 metres, 3= 
Continuous for hundreds of metres, 4= Continuous across most of the 
mine, 5= Continuous across the mine, 6= Don’t know 

1= Undulating over less than 10 metres, 2= Undulating over tens of metres, 3= 
Planar for less than 100 metres, 4= Planar across most of the mine, 5= Planar 
across the mine, 6= Don’t know 

1= Fault is tight, with no significant infilling, 2= Cemented infilling,  
3= Variable infilling, 4= Soft infilling, 5= Don’t know 



Appendix 1:1, Page:8 

 

 

 

ROCK MASS PROPERTIES IN THE AREA OF FAILURE 

Typical uniaxial compressive strength of intact rock (σc ≥ 50 MPa) 

 50-100 MPa 

 100-200 MPa 

 >200 MPa 

If available, please fill in specific values for all rock types in the area of failure 

 

If possible, please, draw a picture of the geology in the area of failure. 

Rock type 1 Rock type 2 Rock type 4 Rock type 5 

Rock name 

σc 

Rock type 3 
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JOINT SET PROPERTIES 

How many joint sets was it in the area of the failure? 

Please specify  

Please specify the joint set data  

Joint set Joint orientation 

(strike/dip) 

Joint spacing (m)1 Joint length (m)2 

1    

2    

3    

4    

5    
1Joint spacing is the average spacing for each joint set. 
2Joint length is the average and assumed or estimated length of joints in the same set. Since it might be 

very difficult to specify its value, please use the descriptive term in the following table (From 

Palmstrom, 1995): 

Length interval Type Descriptive term 

< 1 m Bedding/foliation partings A 

0.1-1.0 m Short/small joint B 

1-10 m Medium joint C 

10-30 m Long/large joint D 

> 30 m Very long/large joint E 

  

JOINT STRENGTH (AVERAGE OR WORST CASE OF ALL JOINT SETS) 

 Friction angle (φ)  

 Cohesion (c) 

Joint roughness condition (JRC) 

Joint compressive strength (JCS) 

Basic friction angle (φb) 

Please describe the joint filling, alteration, waviness and roughness 
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Thank you for your help! If more than one failure has occurred in your mine, please 

complete section 3 for the other failures. If more than one failure has occurred in the 

same area, then you should only fill in one example of section 3.  

 

 

Please send your completed survey to: 
Catrin Edelbro 
Department for Rock Mechanics 
Lulea University of Technology 
SE-971 87 Lulea 
Sweden 

Fax: +46 920 491 935 
Email: catrin.edelbro@ce.luth.se 




