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ABSTRACT 

Damages in rock openings that are related to mining induced seismicity have increasingly 

become major problems in deep underground mines as mining depths continue advancing in 

Sweden and in all around the world.  

 

The solution to rockburst problem starts with the understanding of the mechanisms in which 

rockbursts and the triggering seismic events occur. The seismic source parameters registered 

and calculated by the seismic monitoring systems installed in mines can be used as tools in 

the investigation and analysis of damages related to seismicity. A correlation can be created 

between the source parameters and the kinematic responses of excavations, mainly the peak 

particle velocity, using theoretical and empirical relationships and applying statistical 

regression over the collected data set.  

 

Accordingly a parameter correlation has been established that can be used for design and 

back-analysis purposes, specifically to be used in the Kiirunavaara mine. Damages related to 

seismicity have been classified using rock and support damage scales. A correlation diagram 

that shows the magnitude of seismic events with the inflicted rock damage levels and the 

calculated peak particle velocities is demonstrated. Seismic source mechanisms are suggested 

with the analysis of the data gathered.  

 

The most obvious discovery is major rock damages, in the damage classes of RDL4 and 

RDL5, have happened at relatively lower peak particle velocities, in the ranges of 25 mm/s or 

lower. This will lead to a conclusion that the peak particle velocity by itself cannot indicate 

the severity of damage. Certain mine blocks in the Kiirunavaara mine exhibit higher 

seismicity and rockbursts; hence, requiring closer attention in the design of support and 

production sequencing.  

 

Keywords: seismicity, seismic event, rockburst, ppv, scaling laws 
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LIST OF SYMBOLS AND ABBREVIATIONS 

a = proportionality exponent 

A = area of slip 

c = Constant 

C and b = attenuation or decay factor of a seismic wave. 

D = slip distance 

EVP = excavation vulnerability assessment  

FP = Failure Potential  

GP = intrusive magmatic, Porphyry dyke. 

   = source size 

LMS = Local Mining Stiffness 

ppv = peak particle velocity (m/s)  

QP  = stands for Quartz-porphyry. 

R  = distance from source to the location of interest 

RDL = rock damage level 

RWQ = Rock Wall Quality  

SE = Support Effectiveness  

    = scaled distance  

SP = term for side rock in footwall, Syenite -Porphyry 

      = seismic event locations  

    = maximum displacement over associated period in the P- or S- wave group  

    = corner frequency 

    = stress condition factor  

   = ground support capacity 

   = excavation span 

   = geological structure 

      = seismic energy in S-, and P-wave respectively 

   = local  magnitude 

   = Nuttli magnitude  

    =seismic moment 

   = Richter magnitude scale 

    = seismic potency 

UCS     = intact unconfined compressive strength 

    = apparent Volume 

     = average slip on the fault plane 

      = maximum slip velocity 

            = damage location in in the mine 

λ = wave length 

   = modulus of rigidity at the source 

    = apparent stress 

    = major  horizontal stress 

   = minor horizontal stress 

    = vertical stress (according to the geomechanical sign convention) 

     = the mining induced maximum principal stress at location of interest 

    = static stress-drop 
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1. INTRODUCTION 

1.1 Background 

Mining depths are continuously increasing around the world as the deposits near the ground 

surfaces are mined out and it becomes necessary to conduct operations in deep underground 

mines. The development of mines into greater depths is accompanied by unique challenges 

that are associated with the increased stress conditions.  

 

Since a transition has been made towards underground mining in the Kiirunavaara mine some 

50 years ago, the mining depths have continued to increase, and currently a new haulage level 

is under construction at the depth of 1365 m. This makes the Kiirunavaara mine susceptible 

to problems associated with mining at great depths. 

 

One of the major challenges that come with mining at great depths is the problem of mine 

induced seismicity and rockbursts. An increase in depth will increase the vertical stress; with 

the glacial and tectonic influence of Scandinavia, the horizontal stresses will increase even at 

much higher rate, which puts the overall stress field at very high values. When further re-

distributed with mining activities, these high stresses coupled with the strong rock type found 

in the area could lead in to sudden and violent failures.  

 

Activities at great depths, in an environment of very high stresses, can also lead to the 

activation of fault slips in the rock mass. Movements in fault planes will radiate seismic 

energy, which will be released in the form of seismic waves. The released seismic energy can 

cause impact on excavation surfaces and lead in to damages and failure.  

 

In order to give an engineering solution for failures associated with seismicity, it is essential 

to understand the mechanisms of the seismic events and the mechanisms of the rockbursts. 

However rock damages caused by seismicity are not well explained and well understood 

concepts in rock mechanics at this time. 

 

 A seismic event is the transient dynamic stress wave that arises as a result of failure or 

fracturing in the rock mass. Rockburst is the damage to an excavation that occurs in a sudden 

or violent manner and is associated with a seismic event. Generally speaking, rockbursts are 

results of seismic events, but in some cases the location of a rockburst and a seismic event 

overlap and they become one and the same.  

 

Seismic monitoring systems are installed in mines to register and calculate the characteristics 

of a seismic event. These characteristics of a seismic event are known as source parameters. 

The relationship between the source parameters and the impact of a seismic event on an 

excavation surface is very important, as it can lead in to a design platform or a scaling law for 

excavation and rock support designs.  

 

Kinematic responses of the rock mass shall be measured or calculated based on the source 

parameters of a seismic event to objectively associate the seismic event and its impact on 

openings. The most commonly used measurement in this regard is the peak particle velocity 

and it is applied in selection and design of the appropriate rock support systems.  
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1.2 Problem description 

The Kiirunavaara mine is one of the world‟s biggest underground mines. Since the beginning 

of mining activity in the late 19
th

 century as an open pit mine, mining depth has continued to 

go deeper. Currently the main haulage level is at the depth of 1045 m in the mine coordinate 

system and a new level is under construction at 1365 m. The increase in the depth of mining 

has brought new challenges to the stability of excavations.  

 

One of the main challenges with mining at greater depths is problems associated with 

seismicity. Currently hundreds of seismic events with varying intensity are registered in the 

mine on daily basis. These events occasionally cause large damages on drifts at different 

levels.  

 

One of the significant damages associated with seismicity is the damage at a footwall drift in 

Block 19, level 964 of the mine. The mechanism behind the failure at the location is not 

explained. 

 

The problem of seismicity can be tackled in two ways. The first way is strategic approach to 

the problem, by adjusting the mining sequence and the mining configuration which generally 

minimizes seismic events. The other way is facing the seismic events tactically, by using 

appropriate rock supports and applying efficient stress relieving methods (Kaiser, McCreath, 

& Tannant, 1996). 

 

The strategic and tactical approaches can become applicable with the understanding of the 

seismic event mechanisms and the resulting failure mechanisms of the openings. Yet, the 

understanding of seismicity and rockbursts is not complete.  

 

Dealing with these challenges, one must answer how seismic events occur, how seismic 

events are associated with failures, what source components do seismic events have that 

could be related with failure responses, and make a rational correlation between these points. 

 

These are the major problems that are dealt with in this thesis work. 

 

1.3 Aim and objective of the thesis work 

The thesis work has originally been announced at Luleå University of Technology, as 

sponsored by LKAB, with the following objectives: 

 Explain the failure mechanism behind the fallouts at Block 19, level 964 of the 

Kiirunavaara mine. 

 Assess the rockburst damage to the rock and support at Block 19, level 964 with rock 

damage scale and support damage scale.  

 Establish correlation between peak particle velocity (ppv) and failure of the support or 

size of the fallout using ppv-magnitude-distance diagram. 

 Suggest a method to create such a correlation for seismic events that cause fallouts or 

are of major intensity (magnitude 1.2 or more in local scale).  

 

Upon doing the work, however, the focus shifted to the general seismicity and rockburst 

phenomena in the whole mine rather than the specific drift. The footwall drift in Block 19, 

level 964 is still analyzed separately in one chapter. 
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The basic aim and objective of this thesis work can therefore be stated as the formulation of 

parameter correlations and establishment of ppv-magnitude-fallout/damage level diagrams 

that hold true for the whole mine and statement of mechanism behind the fallout at the 

footwall drift of Block 19, level 964.  

 

1.4 Methodology 

The methodology in dealing with this thesis work could be classified into three groups, i.e. 

preparation, data collection and analysis. 

1.4.1 Methodology for preparation 

The preparation work for the thesis started with review of literature written on rock 

mechanics in general and in seismicity and rockburst in particular. Due to the inter-related 

nature of the topics in dealing, literatures on seismology have also been reviewed to a limited 

extent. The basic objective of the preparation work is developing a good understanding in the 

subject areas of seismicity and rockburst phenomena.  

 

Papers from Canada, especially compilation of the five years research on seismicity and 

rockburst by the mining research directorate of the Canadian rockburst research program; and 

papers from Australia and South Africa have been extensively reviewed and cited in this 

work among others.  

1.4.2 Methodology for data acquisition 

The data used in this work is collected at the LKAB Kiruna mine in the time range between 

14
th

 November 2008 and 1
st
 January 2011. The data acquired can be generally classified in to 

three groups as:  

 

 Seismic data from archives in the referenced time span.  

 Data from the seismic monitoring software database.  

 Damage mapping done at a footwall drift that is of special interest.  

 

Since hundreds of seismic events of varying intensity occur at the Kiruna mine every day, it 

would be cumbersome to collect and analyze each event that has happened in the period of 

over two years. Hence only seismic events that are assumed to cause rockburst in the reports, 

and seismic events with larger or equal magnitude of 1.2 in the local magnitude scale, have 

been analyzed in this work. 

1.4.3 Methodology for analysis 

The analysis of the acquired data is done in two ways:  

 

 Using the Kiruna data to justify and verify universal mathematical relationships 

suggested by the literatures. Doing this is important in two ways; first it can be 

crosschecked if those relationships work for this mine with a reasonably acceptable 

scatter in statistical regressions, and if so specific correlation constants and 

coefficients for the mine can be derived out of the regression. Several mathematical 

statistical regressions have been done in this regard. 

 Observation of specific parameters and trends in the data collected and suggesting 

scientific explanations based on the available knowledge in the subject area. In this 
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regard analysis of events‟ S-P energy ratios, and the time in the day the events 

happened have been analyzed.  

 

Outputs of the analyses are mathematical equations (or scaling laws), seismic event source 

parameter correlation diagrams and seismic event damage mechanism suggestions based on 

reason. 

1.5 Outline of the thesis 

Chapter 1: Introductory chapter. Starting from the background of the thesis, it defines the 

problem that is being researched and delineates the aim and objective of the thesis work. The 

methodology used in the analysis and writing is described. 

 

Chapter 2: Specific about the Kiruna mine that this thesis dissertation is worked on. The 

geology, mining method, the stress field and the rock-mechanical conditions of the mine are 

explained. 

 

Chapter 3: Mainly a literature review, but it includes data and information currently in use in 

the Kiruna mine. Key concepts of seismicity, seismic events and rockbursts are explained. 

Mechanisms of seismic events and rockbursts are discussed. Damage scales are introduced. 

Seismic monitoring systems and the seismic source parameters that could be gathered with 

them are discussed in general, and the seismic monitoring system of Kiruna mine in 

particular. Finally the development of scaling laws is explained as a starting point to the next 

chapter. 

 

Chapter 4: About how to create a correlation that can be expressed mathematically based on 

various theoretical approaches, with the verification of the theories using the data available in 

the Kiruna mine. The creation of a specific working data out of the overall seismic database 

is explained. Correlations are formulated with different theoretical approaches and using 

linear regression on the database pool. Damage assessment and sensitivity analyses are 

demonstrated. 

 

Chapter 5: Concentrates on a specific location in Block 19, level 964. The geology and rock 

supports of the footwall drift are discussed. The damage mapping accomplished in the place 

is presented. Finally seismic analysis is done, suggesting the possible event mechanisms.  

 

Chapter 6: Last and concluding chapter of the thesis work. Conclusions with strategic and 

tactical recommendations are incorporated. 
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2. THE KIIRUNAVAARA MINE 

2.1 Mining method 

Large scale sublevel caving mining method is used in the Kiirunavaara mine, which is 

suitable for competent vertical ore bodies with weak side rocks. The mining method is cost 

effective, and allows large scale mechanization, increasing the ore extraction rate (Howard & 

Jan, 2002) . 

 

The steps in this method of mining can be summarized briefly as see Figure 2.1:  

 

Development of new sublevel: the development of sublevel takes place in the ore body. The 

drifts in the Kiirunavaara mine usually have a dimension of 7 m by 5.2 m and are drilled by 

hydraulic rigs. A number of sublevels are designed with regular vertical interval spacing of 

28.5 m. The footwall and cross-cut drifts are developed parallel and perpendicular to the ore 

body respectively.  

 

Raise and production drilling: This is done by the drill rigs. The drill fan holes are 

approximately 115 mm in diameter and have a length of 40-45 meters. Drilled fans are 

slightly inclined against the hanging wall and that makes the rock above to have fewer 

tendencies to collapse despite ongoing production (blasting and loading)  

 

Sublevel production blasting: The drilled fan holes are charged with appropriate type of 

explosive and blasted afterwards. The mobilization and the effect of gravity cause the caving 

in of the hanging wall.  

 

Mucking and hoist system: The blasted ore is extracted and transported from the sublevel 

drifts by electricity powered front loader El Toro-2500 and hauled into the ore passes. That 

ends up at the current haulage level of 1045 m. 
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Figure 2.1: Sublevel Caving in Kiruna (modified www.lkab.se)  Figure 2.2: End 

product pellets 
 

The ore is further transported by the remote controlled shutter trains for further processing, 

into end product pellets (Figure 2.2). 

 

2.2 Geology 

The magnetite iron ore deposit in Kiirunavaara lie in an area dominated by the rock formed 

during the formation of Svecokarelian mountain chains 1960 to 1750 million years ago.  

 

Kiirunavaara ore deposit stretches geographically north to south and is about 4 kilometer 

long, and has a width between 80 to 160 meters see Figure. 2.3. The depth is known down to 

1500 m and is indicated to 2000 m by magnetic surveys (Sjöberg, 2010). The ore body dips 

50°-60° degrees towards to the east and plunges around 45
°
 north as shown in Figure 2.3. 

 

The quality of the iron ore in the Kiirunavaara varies due to the influence of the phosphorous 

content levels in the ore. Thus the higher the percentage of phosphorus concentration implies 

low content and quality of the ore. In addition there are a number of minerals that are present 

in small content in ore namely; biotite, pyroxene hematite, amphibole, and calcite.  
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Figure: 2.3 The Kiirunavaara iron ore deposit (www.lkab.se) 
 

The tabular ore body is surrounded on both sides by Quartz- porphyry (Rhyodacites) on the 

hanging wall side and Syenit porphyry (Trachyandesite/Trachyte) on the footwall side. The 

main rock types presented in subgroups with the assigned terms or abbreviations by LKAB, 

for both the footwall and hanging wall, are illustrated in Table 2.1 below.  
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Table 2.1: Rock types in the foot wall and hanging wall of the Kiruna mine 

LKAB rock terms / 

Area 
Geological name Physical description 

Footwall - SP1 Trachyandesite 
Reddish feldspar of phenocrysts make 5-2% of 

it, grain size1-4 mm 

Footwall - SP2 Trachyandesite   

Footwall - SP3 Trachyte/ amygdaloid 
Presences of quartz and Carbone, white 

amygdulus  

Footwall - SP4 
Trachyte and 

porphyry 
Idiomorphic 

Footwall - SP5 Weathered trachyte Weathered  

Footwall – GP Porphyry dyke 
Greyish- brown with fine grained presences of 

feldspar 

Hanging wall - QP1 Rhyodacite Light gray fluid structure 

Hanging wall - QP2 Rhyodacite Purple-red rock with phenocrysts 

Hanging wall - QP3 Rhyodacite High presences of chlorite and amphibolet 

Hanging wall - QP4 Meta Rhyodacite Presences of epidote and pyroxenes 

Hanging wall - QP5 Rhyodacite Weathered  

    Notes: 

 

  

            ·      Sp – Found in the footwall and stands for Syenite porphyry. 

            ·      QP – Found in the hanging wall and stands for Quartz-porphyry. 

            ·      GP – Intrusive magmatic type rocks in the footwall, Porphyry dyke. 

 

2.2.1 Structural geology in Kiirunavaara 

Structural geology in Kiirunavaara is mainly characterized by the plastic shear zones and 

brittle fault planes. When the bed rock is highly compressed surpassing its liquid limit, 

irreversible plastic shear zones are formed. These zones do not form major fault planes, 

instead prevailing lineation or gneissic foliation structures form which are several meters 

wide. Plastic structures in the North – South orientation with steep dip to the east have their 

origin from the region of stratification and foliation (structure group 4 shown in Figure 2.4). 

 

In the ore and the side rock there is significant signs of brittle fault displacement, that the 

fracture surface match on both sides. In Kiirunavaara, the brittle faults are also almost 

perpendicular to the ore body orientation, steeply dipping towards the south as shown in the 

structure group 5 and 6 in Figure 2.4. The most dominant brittle fault or structure in and out 

the mining area or region is the so called “Kaptens faults” seen as structure group 6 in Figure 

2.4.  
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Figure 2.4: Main lineament in the Kiirunavaara. Bold lines represent brittle fault planes 

and dashed lines stand for plastic shear zones (Magnor and Mattson, 1999). 
 

Shear zone structures were able to be identified from the analyzed seismic data (Dahnér, 

2010). Clusters are formed from the seismic data automatically in the MS-RAP (Mine 

Seismicity Risk Analysis Program) software. These seismic clusters are then manually 

filtered into groups with the aim of having the cluster with the same seismic properties, i.e. 

shear failure mechanism and similar seismic parameters and grouped in the plan where 

possible (Dahnér, 2010).  

 

The analysis and interpretation has been done for all the blocks in the nomination “structure” 

used instead for “shear zone” for these groups. Datas for each group can easily be exported to 

Micro-station maps from the MS-RAP in form of location points or coordinates that makes it 

possible to identify which block the data group belongs. A plan in square form is fitted in 

manually from each set of points, thus covering essentially the area registered with seismic 

active events (Dahnér, 2010). 

 

2.3 Rock-mechanical conditions 

The rock mechanical properties of the intact rock mass (ore and the side rocks) are presented 

in Table 2.2. 
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Table 2.2: Mechanical properties of the intact rocks in Kiirunavaara (Malmgren & 

Sjöberg, 2006) 

Rock type Term 
Density  

[kg/m
3
] 

Poisson’s 

ratio 

Young´s 

modulus  

[GPa] 

Compres 

sive 

strength  

[MPa] 

Tensile 

strength  

[MPa] 

Cohes 

ion  

[MPa] 

Friction 

angle 

[°] 

Trachyandesite SP1 2800 0.20 -0.27 70 300 10     

Trachyte/ 

amygdaloid SP3 2800 0.14 -0.24 44 - 60 210 11     

Trachyte and 

porphyry SP4 2800 - 80 430 12     

Weathered 

trachyte SP5 2800 - 75 90 10     

Porphyry dyke GP 2700 - 75 320       

Trachyandesite SP´S 2800 0.14 -0.27 80 - 70   10 -12     

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

Rhyodacite 

QP1-

5 2700 0.14 -0.27 37 - 81 184 12 88 - 117 35-38 

 

 

Where: 

SP = Term for side rock in footwall formerly by syenite porphyry 

GP = Term for side rock in the hanging wall quartz porphyry (Rhyolite)  

QP = Porphyry intrusions 

 

2.4 The stress field 

It is of great importance to have knowledge of the rock mass stress state both prior and after 

the rock mass has been affected by engineering activities. The stresses in the rock mass could 

be classified in to two main categories: primary (or virgin) stresses and secondary (or 

induced) stresses. Primary stress refers to the stresses in the rock mass that occur prior to any 

engineering work takes place. In other words this state of stress is the one referred to as insitu 

stress. The other stress form is the secondary stresses that are induced by the engineering 

works in the rock mass. 

2.4.1 Primary stress state in the Scandinavia  

In 1993 Stephansson carried out rock mass stress measurements by use of hydraulic 

fracturing for the stresses in Scandinavia. The equations below show the stresses with depth 

(z) of the vertical stress and the major and minor principal horizontal stresses (Nordlund et al, 

2006)  

 

                 (2.1) 
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                      (2.2) 

                       (2.3) 

 

These are general measurements taken at few places in Scandinavia for accurate analysis, 

local stress measurements should be determined at the engineering site in question (Nordlund 

et al 2006). 

 

In the Kiirunavaara mine the local primary stresses were calculated by Sandström, 2003. 

After compilation of the measured stress, the results indicated large scatter of the stress levels 

at different time and location. According to Sandström this arose probably due to the geo-

mechanical factors such as varying rock properties, discontinuities in the rock mass plus the 

engineering works in the mine or mining induced stresses, or human errors from the input 

data and analysis process. The conclusion of the work , indicated that the major principal 

horizontal stress (  ) orientation was in the East-West direction and the minor principal 

stress orientation in the North–South direction parallel to the Kiirunavaara ore body while the 

intermediate stress are vertically oriented and increasing with depth as shown in equations 

(2.4) through (2.6) (Sandström, 2003). 

 

                   (2.4) 

                        (2.5) 

                       (2.6) 

 

2.4.2 Secondary or induced stresses 

Rock mass surrounding the excavation in the mine is subjected to large mining induced stress 

changes caused by the mining. The secondary stress state in the mine and in the surrounding 

rock mass is hard to determine because of the complex geometry of the mine and the 

advancing mining front which changes with time (Larsson, 2004). 

 

According to (Jeremic, 1987), the secondary stresses arise from the interaction of: 

 

a) The direct effect on the hanging wall caving, 

 

b) Yielding of pillars 

 

c) Ore extraction 

 

d) The constant development of the mine infrastructure system (drift, shafts) 

2.5 Rock reinforcement systems 

The main purpose of rock reinforcement in underground mining is to stabilize the rock mass 

around the openings while maintaining safety to the miners and access to the mine, allowing 

the rock mass to support itself with its natural strength, while keeping the intended 

functionalities. 
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Instability of the rock mass is usually provoked by the mining activities‟ alteration of the 

insitu stresses, causing either extreme high stresses exceeding the rock mass strength, 

resulting in shear failure or relatively extensive spalling; or low stresses causing progressive 

failure along planes of low strength. In cases of increasing depth or at later age of the mine, 

seismicity and rockbursts arise due to slippage on natural or mining-induced planes of 

weakness, and fracture of the intact rock itself (strain burst), usually close to excavation 

boundaries (Brady & Brown 2004). 

 

For a successful support and reinforcement systems, the maximum effect is achieved by the 

interaction between the bolt and shotcrete, thus retaining and holding. Figure 2.5 describes 

the concept between rock mass, and the reinforcement components: bolts, mesh and 

shotcrete. 

 

 
Figure 2.5: Interaction of reinforcement components (after Kaiser et al 1995) 
 

The five most important characteristics of support in burst-prone grounds are (after CRRP, 

1995): 

 

 The peak load capacity of the support 

 

 The displacement at peak capacity 

 

 The ultimate load bearing capacity or yield support 

 

 The ultimate displacement capacity or stretch limit 

 

 The energy dissipation capacity of support 

 

The choice of a support system will depend on the geo-mechanical conditions, stress field, 

geology, the expected loading and nature of the damage. 
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2.5.1 Rock bolts 

Enforcement of stability for large rock wedges or blocks, and the holding together of weak 

lamented rock are achieved by rock bolts of the right dimension. Swellex, Cable, and Kiruna 

bolts are used in the Kiirunavaara mine.  

The spacing varies from 1.0 x 1.0 m in areas with severe of damage expected, to normal 1.5 m 

× 1.5 m spacing 

 

Kiruna bolt  

The bolt is a grouted rebar 3.0 m long and has a diameter of 20 mm with a steel wedge at the 

front and it has a spherical washer and an M 20 mm nut at other end (Figure. 2.6). The bolt 

has a breaking load between 170-200 kN. 

 

 
Figure 2.6: Kiruna bolt (Nybergsmek) 
 

The disadvantage of the Kiruna bolt is that it is very stiff, and cannot be pulled out or 

stretched without being torn (Malmgren, 2005). This poses a problem in seismically active 

ground conditions.  

 

Swellex rock bolt 

Swellex is a friction bolt developed and marketed by Atlas Copco. The dowel varies up to a 

length of 12 m. The Swellex Mn24 used in Kiirunavaara mine is a 3 m long and a 25 mm 

diameter tube before folded during manufacturing (Figure. 2.7). When inserted into a drill 

hole (32-39 mm) no, extensive driving force is required. It has expansion capability of 42 mm 

when activated by injection of high water pressure, causing a tight contact with the drill hole 

walls after the inflation. 
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Figure 2.7: Swellex Mn24 rock bolt, 3 m long (Atlas Copco) 

 

Mn24 has a tensile strength of 200 kN (Bjurholt, 2007). 

 

Cable bolts 

Cable bolts are rock support elements which can reinforce and hold the rock mass. Cable 

bolts can survive higher values of ultimate displacement before failure; even though the 

energy that they could absorb is moderate (Kaiser, McCreath, & Tannant, 1996). 

 

2.5.2 Surface support 

Shotcrete 

Shotcrete is a concrete or mortar material that is supplied via pressurized hoses. Generally 

there are two types of shotcrete mixes; dry mix and wet mix. The introduction of steel fibers 

in the shotcrete eliminated the heavy and time consuming manual application of ordinary 

wire mesh. Large scale tests on steel fiber reinforced shotcrete were performed in Sweden in 

the late nineteen seventies (Franzén, 1992).  

 

The outcome of evenly distributed steel fibers in shotcrete results in a material that is ductile, 

tough and shock resistant. However it is too brittle to use alone as surface support when 

subject to rockbursts. Shotcrete gives a continuous reinforcing effect across the whole cross 

section of an excavation. They can also much more easily adhere to irregular surfaces than 

wire meshes (Figure 2.8). 
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Figure 2.8: Fiber reinforced shotcrete at the footwall drift Block19, Level 964 
 

The application technique shall assure that the shotcrete can be applied successfully, with a 

minimum of rebound and at a sufficient level of compaction to achieve the desired strength in 

compression, tension and flexure, in the short and medium term time spans, and it shall also 

assure that some bearing capacity is retained after peak strength has been surpassed (Wood, 

1992).  

 

If one observes the ground reaction curve of a given excavation, the shotcrete will serve as an 

immediate support at the beginning of deformation, whereas the wire mesh applied over the 

shotcrete will start the support function after the deformation has reached a higher level to be 

counteracted by the mesh. 

 

Wire Mesh 

Wire meshes can be described as retaining elements of rock support system, as they basically 

contain ejected materials and hold back protruding sections on the excavation surface. Wire 

meshes are frequently used in conjunction with shotcrete. Upon writing this thesis work we 

noticed that materials written on the design and installation of wire meshes are very limited, 

despite the wide range of application of the support system worldwide. 
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3. SEISMICITY AND ROCKBURST 
 

With the increasing depth of mines throughout the world the occurrence of seismic events is 

becoming a more common phenomenon causing serious problems regarding the stability and 

safety of mines. However seismicity and the accompanying rockburst phenomena is not a 

well-defined and well-understood topic in underground excavations in these times. Efforts to 

clearly explain the mechanisms are underway. 

 

This chapter defines seismicity, seismic events and rockbursts. The mechanisms of seismic 

events and rockbursts are explained. Review of seismic monitoring systems and the source 

parameters that could be acquired with the monitoring system are discussed. Envisaged 

classification scales for damages on rock surfaces and rock supports are outlined. And finally 

the developments of parameter correlation scaling laws are delineated.  

3.1 Seismicity and seismic events 

As mining reaches greater depths the overall stress field attains high values. This stress is 

further redistributed due to the mining activity resulting in excessive stress concentrations in 

certain sections of the rock mass. The accumulated stress in the rock mass leads to the release 

of a destructive stress that causes a fracture which can be identified as a seismic source. The 

fracture is initiated over a small area and then propagates at a finite velocity (ISS, 2006). 

 

The transient dynamic stress wave that arises as a result of failure or fracturing in the rock 

mass may be defined as a seismic event (ACG, 2008)
1
. A seismic event can also be defined 

as a sudden inelastic deformation within a given volume of rock, i.e. a seismic source that 

radiates detectable seismic waves (Mendecki, 1999). Effectively a seismic event is the sound 

or vibration of rock slipping or rock breaking. Seismic events are a normal response of a rock 

mass to the stress changes caused by the creation of mining excavations (ACG, 2008). 

 

The term seismicity is given various definitions with different authors. One definition can be 

stating seismicity as the rock mass response to deformation and failure (Larsson, 2004). 

Other authors have also defined seismicity as the tendency of the rock mass to be subjected to 

seismic events, or the total number of seismic events or sum of seismic energy per given 

volume in a given time span. With this definition a mine that several seismic events occur in 

can be called a mine with high seismicity. 

 

The mechanism in which seismic events happen can be related with the mine stops or can be 

related with geologic discontinuities. The detailed seismic event mechanisms are outlined in 

section 3.3.  

  

                                                            
1 This document by the Australian Center for Geomechanics has no designated individual writer or editor 
refereed on the material; hence it is cited as ‘ACG, 2008’ consistently throughout this thesis.  
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3.2 Rockburst 

The rockburst phenomena, which can be stated as “the twentieth century problem” came into 

sight in the early 1900s in the mines of South Africa (Blake & Hedley, 2003).  Today several 

deep underground mines in all around the world face the problem of rockbursts.  

 

A rockburst is defined as a mining-induced seismic event that causes damage to openings in 

the rock (Larsson, 2004). It is important to distinguish between seismic event and rockburst. 

A seismic event does not necessarily cause damage in openings, while a rockburst will, with 

varying severity of damage.  A very good definition of rockburst given by the Canadian 

Rockburst Research Program is “damage to an excavation that occurs in a sudden or violent 

manner and is associated with a seismic event”.  

 

The role of seismic events in a rockburst phenomenon can be questioned as to what caused 

the actual burst; whether it is the seismic event or the stored strain energy in the rock mass 

surrounding the excavation released during fracturing. A seismic event can be located a 

certain distance away from the rockburst location, or can also overlap with the rockburst 

phenomenon as in the case of strain bursts.  Hence the cause of rockbursts can generally be 

classified as self-initiated and remotely triggered (Kaiser & Maloney, 1997). 

 

Self-initiated rockbursts occur when the stresses near the boundary of excavation exceed the 

rock mass strength and failure proceeds in unstable or violent manner. The stress 

redistribution that is the outcome of a nearby mining increases the concentration of the 

stresses at the spot. Degradation of strength with time and loss of confinement can also 

deteriorate the capacity of the rock mass. One or all of these conditions lead the strength of 

the rock mass to be exceeded by the stress and consequently lead to failure.   Loss of 

structural stability, a factor independent of the strength of the rock mass, can also cause a 

self-initiated rockburst as can be demonstrated in the sudden buckling of column or slab of 

rock (Kaiser, McCreath, & Tannant, 1996). 

 

Remotely triggered rockbursts are caused by relatively large magnitude seismic events like 

fault slip. These types of rockbursts are a common occurrence in some hard rock mines, 

particularly after the mine has been substantially mined out and, where faults intersect stopes 

or large mined-out areas and sill pillars. Large vibrations and the accompanying dynamic 

stresses as a result of incoming seismic waves can lead to both fracturing of the rock mass 

and structural instability.  

 

Furthermore the mining stage can influence the phenomena of rock bursting.  In the initial 

stage of the mine‟s life highly localized stress concentrations near drifts that are relatively 

isolated from each other are the usual causes of the events. In the later life stage of the mine 

multiple opening and numerous stopes cause additional rockburst mechanisms.  

3.3 Seismic event and rockburst mechanisms 

In the classical structural engineering perspective, an engineering solution must begin with 

the understanding and statement of the mechanism a structural element is most likely 

expected to fail by. Understanding the mechanism will guide the tactical and strategic 

approaches that will be taken to face the problem. 

 

Rockburst is necessarily a failure, hence the mechanism of rockburst shall be known to 

design against it. A seismic event though is not a direct failure on excavation surfaces by 
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itself, can lead to rockbursts. Knowing the mechanism of seismic events will guide how to 

avoid them in strategic approach when possible, and how to face them tactically when they 

are inevitable.  

A note shall be taken in the essential difference between a failure criteria and a failure 

mechanism. A failure criterion is the established mathematical relationship that shall be 

fulfilled for a failure to happen. A failure mechanism is the physical state in which the rock 

mass losses its strength or stability and failure proceeds. 

 

This sub-section is about the physical conditions how seismic events and rockbursts could 

occur. 

3.3.1 Seismic event mechanisms 

A general approach for the classification of seismic event mechanisms is grouping them as 

events directly associated with the mining activity and those not directly associated with the 

mining activity; i.e. seismic events associated with movements on major geological 

structures.  

 

The common mining related seismic event mechanisms are strain burst, pillar burst and face 

burst. Strain burst describes an event of violent failure where relatively small pieces of rock 

are ejected from the boundary of excavation. Owing to the small amount of energy released, 

the damage caused by strain bursts is normally relatively small. Pillar burst is a term used to 

explain violent pillar failures as results of local stress redistribution. Face burst is a form of 

strain burst caused by the accumulation of strain energy in the fractured rock mass ahead of 

the face. Face bursts are accompanied by violent ejection of material from the face into 

excavated area (Larsson, 2004). 

 

Seismic events that arise from existing geological structures are also affected and influenced 

by the stress redistribution in the rock mass that comes from the mining activity. Fault slip 

mechanism of seismic events is the most common type of such mechanisms. The increase or 

decrease in the stress field affects this mechanism in two ways. The first case is when the 

clamping force across a fault is reduced, in which the shear strength along the fault plane 

decreases and is exceeded by the shear stress acting on the plane and leading to failure. The 

other case is when the shear stress is increased due to the stress redistribution and exceeds the 

shear strength of the fault also leading to a fault slip.  

 

3.3.2 Rockburst damage mechanisms 

In a classical engineering approach, the true understanding of structural mechanics which can 

result in articulated procedural design needs the clear definition of the probable mode of 

failure of the structural element and its failure criterion, the loads acting on the element, and 

the strength of the material constituting the structural element. This becomes difficult in 

underground excavations where these engineering parameters are less clearly defined. The 

rockburst phenomenon is the least understood damage concept among failures and damages 

that happen in underground excavations. 

Several efforts have been done so far to explain the mechanism behind rockbursts, so as to 

make the rockburst problem solvable with the current knowledge of engineering. Ortlepp 

(1992) suggested six failure mechanisms based on previously stated literature and own 

experience.  
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Implosion: is a sudden volume increases due to dilation from unstable extension of the 

fractured envelop in the excavation walls (Figure. 3.1). It is driven by source mechanism of 

strain energy which is released by a violent failure from a highly stressed annulus 

surrounding the ground. 

 

 
Figure 3.1: Implosion (from Ortlepp, 1992) 

 

Laminar-buckling: in a vertically laminated rock mass (Figure 3.2), the shear component of 

seismic waves coupled with liberation of locally stored strain energy by buckling leads to a 

massive horizontal convergence. The source mechanism is associated with fault slip event 

resulting in high values of energy and peak particle velocity with a probable source location 

placed directly above or below the target. 
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Figure 3.2: Laminar buckling (from Ortlepp, 1992) 

 

Strain-burst: is an explosive spalling from localized stress concentrations on the excavation 

wall driven by the outward buckling of a slab of critical slenderness formed by joint or 

incipient extension crack (Figure 3.3). The source mechanism is local and self-contained like 

the damage mechanism. 

 
Figure 3.3: Strain burst (from Ortlepp, 1992) 

 

Ejection: occurs when part of the excavation wall is directionally associated with transient 

energy wave. Section of the rock mass is removed flowing out of the walls with a free 

movement (Figure. 3.4) and is usually determined by existing jointing or induced fracturing. 
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Figure 3.4: Ejection (from Ortlepp, 1992) 

 

Inertial displacement: the farthest wall from the source location can be subjected to “inertial 

lag” which can also be interpreted as reverse ejection at low ejection velocity. This happens 

in pre-fractured massive slabs such as stratified rocks and the driving force is the rebound 

acceleration acting on free slabs in the other side of the rock mass imposed by transient stress 

waves with long periods. Very large energy releases associated with major fault slip source 

mechanisms are the events that result in this damage mechanism.  

 

 
Figure 3.5: Inertial displacement (from Ortlepp, 1992) 

 

Arch collapse: is a major damage caused by structure defined arch. Vertical extensional 

fractures in deep stratified rock and major wedges in jointed rock masses can lead to this type 
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of failure mechanism (Figure 3.6). Reduction in clamping force in stratified rocks and gravity 

drive the motion. The seismic source mechanism is associated with large energy releases due 

to fault slip or pillar failure at moderate distances. 

 

 
Figure 3.6: Arch collapse (from Ortlepp, 1992) 

 

From observations taken from several mines in Canada and other parts of the world, the 

Canadian Rockburst Research Program summarized the mechanisms in which rockbursts 

happen in three classes in figure 3.7 (Kaiser, McCreath, & Tannant, 1996). The same 

approach has been applied by Kaiser and Maloney (1997) upon developing scaling laws for 

rock supports based on Kaiser et al (1995). These are:  

 

Sudden volume expansion or bulking: when the stresses near openings exceed the strength 

of the rock, a zone of fractured rock starts to develop. The development of fractures followed 

by increase in volume may lead in to ejection. It is extremely difficult to predict if rock will 

be ejected as part of the frequency bulking process. The only way to assess the possibility of 

ejection is based on observations underground. If ejection of rock materials occurs with this 

mechanism, they are further classified as bulking with ejection and supports that can absorb 

kinetic energy shall be devised in similar cases of rock burst mechanisms. When the emitted 

strain energy is focused on only part of the rock annulus or when energy is transferred from 

large to small blocks, very high ejection velocities in excess of 3 m/s may be observed.  

 

Ejection of rock due to energy transfer: involves the violent ejection of rock blocks from 

the peripheries of excavations due to the transfer of seismic energy to the blocks from an 

incoming seismic stress wave. It is difficult to identify rockbursts with this mechanism from 

rockbursts with the mechanism of sudden volume expansion or bulking with ejection. 

 

Rock-falls induced by seismic shaking: occurs to portion of the excavation that was just in 

static equilibrium before a seismic wave comes and accelerates the volume of rock. Gravity 

plays the dominant role here once the rock mass is triggered in to instability by the seismic 

action.  The mechanism of rock-falls induced by seismic shaking is particularly important to 

consider at drift intersections or wide span stopes.  
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Figure 3.7 Rock burst mechanisms (after Kaiser and Maloney, 1997) 
 

According to their research the most common rockburst mechanism in Canadian mines is the 

sudden volume expansion or bulking due to fracturing, while South African mines tend to 

show higher records of ejection of rock due to energy transfer (Kaiser, McCreath, & Tannant, 

1996). 

 3.3.3 Severity of rockburst damage 

The extent of damage inflicted at excavations is an important feature of the rockburst that 

needs to be explained. The mechanisms of rockbursts are related to the severity inflicted. The 

single most important factor that characterizes the severity of rockburst damage is the depth 

and lateral extent of the rock around the excavation opening involved in the failure process 

(Kaiser, McCreath, & Tannant, 1996). 

The severity of damage in openings and on their support system highly depends on the 

prevailing conditions in the excavations before the rockburst happens. The stability of the 

excavation prior to the rockburst can be explained as initial conditions “IC” of the opening 

(Kaiser P. K., Tannant, McCreath, & Jesenak, 1992).  

Kaiser et al (1992) proposed four parameters to describe the initial conditions: 

 Rock Wall Quality (RWQ): is an index forwarded with the motive of determining the 

rock mass response of dynamic action of rockbursts. The susceptibility of the rock 

mass for damage by rockburst increases as the interlock between blocks and the size 

of blocks near the wall decreases. The index is prepared in a range of 1 to 5, where 

higher values represent poorer rock wall quality. 

 

 Failure Potential (FP): this index indicates how close an area is to failure. Stress 

induced failures due to accumulation of high stresses and structurally controlled 

failures driven by gravity are considered in the assessment. Knowledge of the existing 
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stress field in the area, the strength of the rock mass and structural geology of the area 

is important to label FP values. The index ranges between 1 to 3, higher values 

representing higher potential of failure. 

 

 Local Mining Stiffness (LMS): describes whether the rock mass in the opening 

distributes the stresses immediately or after much deformations have happened. The 

index is related to the brittleness or the post-peak behavior of the rock mass. Index 

values range between 1 to 5, high values representing soft mining environment. 

 

 Support Effectiveness (SE): reflects the functionality of the rock support system prior 

to the rockburst. Index ranges between 1 to 3, higher values representing worse 

conditions. 

 

The Canadian Rockburst Research Program classifies the severity of rock damage in to three 

classes based on the depth of the damage zone in the rock mass. When this zone of damage is 

less than 25 cm it is classified as minor damage. Minor damages are commonly described as 

spitting, spalling or shallow slabbing. Most civil engineering projects usually face no more 

severe rockburst damage than such minor damages. When the depth of damage extends 

between 25 cm to 75 cm, involving heavily fractured and displaced rock, highly bulging 

mesh and torn or pulled rock bolt plates, the classification is labeled as moderate damage. 

Incases the depth goes beyond 75 cm, where drifts become impassable the classification will 

go to major damage. 

 

3.4 Seismic monitoring system 

It is important to measure and monitor seismic events occurring in the mine to properly 

understand and manage rockburst problems. Seismic monitoring systems installed in the mine 

help in achieving this goal.  

 

Mendecki et al (1999) suggested that routine seismic monitoring helps in achieving the 

following targets: 

 

 Location of Potential Rockbursts: location of potential rockbursts associated with 

intermediate or large seismic events can be indicated helping in arranging possible 

rescue operations. 

 

 Prevention: preventative measures such as adapting to the design layout, sequence and 

rate of mining, and support strategy can be made when the assumptions and input 

parameters are realistic. The confirmation of these parameters and assumptions used 

in the design and specifically in the numerical modeling could be verified from 

information gathered with the seismic monitoring system. 

 

 Control: the tendency of seismicity in space and time could be indicated based on the 

parameters, and hence operations and the workforce can be rescheduled and re located 

for safety. Tactical measures like preconditioning and distress blasting can be 

undertaken.  

 Warnings: detecting out-of-trend changes in seismic parameters or recognizing 

patterns that could lead to dynamic instabilities will help to send warnings to potential 

rockbursts.  
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 Back-analysis: the efficiency of the mine design and the monitoring process can be 

improved, specifically through seismic and back analysis with numerical modeling of 

large instabilities, in the quest for safer and more productive mining. 

 

A seismic monitoring system has three essential components. 

 

a) The hardware component: - comprises of the sensors such as uniaxial or tri-axial 

geophones, a system that converts analog data to digital data form, and the connection 

to computers. 

 

b) The software component: - is the software that processes and analyzes the information 

gathered with the sensors and presents communicable information.  

 

c) Continuous communication: - is the system for gathering underground information 

from the workforce and for making the results of micro seismic monitoring available 

to the workforce at the mine (Kaiser, McCreath, & Tannant, 1996). 

 

The efficient and harmonious interaction of the three components will result in an effective 

seismic monitoring system. 

 

It shall, however, be noted that no system is actually capable of predicting seismic events or 

rockbursts. But the analysis of the information gathered from an efficient micro-seismic 

monitoring system can be used as a tool to develop an understanding of the mining activities 

which generate a severe seismic response which is very difficult to manage and those which 

generate a level of seismicity which allows us to maintain production (Kaiser, McCreath, & 

Tannant, 1996). 

 

Two types of seismic monitoring systems are available in the markets; the first arrival time 

system and the full waveform system. The basic difference between these two systems is the 

quality and quantity of data that can be gathered. 

 

First-arrival time systems simply locate events based on the arrival time of seismic waves at 

the sensor. Large amounts of relatively poor data are acquired using this system. The first-

arrival time system is the earlier and still widely applied monitoring system. 

 

On the other hand, full waveform systems digitally record the full waveform of a seismic 

signal. Though limited quantitatively, this system provides a very high quality data that most 

seismologists prefer for its accuracy and reliability.  

 

The application of full waveform analysis technique further brought two very important 

benefits in the study of mine seismicity. The first is the confirmation that the majority of 

large seismic events occur on pre-existing structures in most mines; and the second is the 

possibility of classifying rockbursts and seismic events by magnitude (Kaiser, McCreath, & 

Tannant, 1996).  

3.4.1 Seismic monitoring system at Kiirunavaara mine 

The Kiirunavaara mine has an advanced seismic monitoring system with 133 geophones 

installed throughout the mine. The geophones, out of which 122 installed underground and 11 

installed from the surface, record and transfer ground movements and wave signals to the 
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seismic monitoring system unit boxes. 48 of these geophones are tri-axial sensors, which are 

able to receive and transmit full waveforms of signals that can be processed to give the source 

parameters, while the rest 85 are uniaxial geophones that function in single channels. The 

uniaxial geophones are used to improve localization of the seismic events. The system is 

detailed in Figure 3.8.  

 

 
Figure 3.8: The Kirunavaara mine seismic monitoring system layout 

3.5 Seismic source parameters 

Seismic monitoring systems record seismic waves, which carry information, with their 

sensors. Seismological methods have been applied to decode the information that lies in the 

seismic wave signals.  

The source parameters which can be calculated in time and frequency domains can be 

grouped in to three types. These three types of parameters measured are: 

 

a) the strength of an event (seismic moment, magnitude, seismic energy),  

 

b) source dimensions (source and asperity radii) and  

 

c) estimates of stress release (static, dynamic or rms (root mean stress) stress drop and 

apparent stress) are routinely used by seismologists to analyze seismic events (Kaiser, 

McCreath, & Tannant, 1996). 

 

In the ISS seismic monitoring system, which is used in the Kiruna mine, source parameters 

are calculated from the P and S wave displacements, or optionally velocity, spectra of an 

event. The following parameters are then calculated for an event (ISS) 

   = Local magnitude  
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   = Seismic potency [  ] and its logarithm (     ) 

 

   = Seismic moment, [Nm] and its logarithm (     ) 

 

  = Radiated energy, [J] and its logarithm (    ) as well as the ratio of S-wave energy to P-

wave energy. 

 

   = Apparent stress [MPa] 

 

   = Corner Frequency [Hz], as well as the ratio of P-wave corner frequency to S-wave 

corner frequency  

 

  = Source size [m] 

 

   = Static stress-drop in [MPa] 

 

   = Apparent volume [  ] 

 

     = Maximum slip velocity [   ] 

 

Some of the source parameters that are specifically used in the analysis of this thesis work are 

discussed below. 

3.5.1 Event magnitude 

Magnitude is a relative measure of the strength of a seismic event based on recordings of 

maximum ground displacement at recordable frequencies at multiple seismic sites 

(Mendecki, 1999). This measurement which is dependent on the amplitude is popular and 

widely used mainly because it is easy to measure amplitudes. The Richter scale, ML, is the 

widely applied magnitude scale in most of the world while the Nuttli scale, MN, is applied 

in East-Northern America. The relationship between the amplitude and the magnitude is of 

logarithmic scale, which means a unit increase in magnitude corresponds to a tenfold 

increase in the amplitude of ground displacement. Mathematically this could be expressed 

as (after Mendecki et al, 1999): 

     (   )             (3.1) 

Where 

  = Magnitude  

   = The maximum displacement over associated period in the P- or S- wave group  

  = Corrections for path effects, site response and source region 

3.5.2 Seismic moment 

With a more adequate measurement of event strength than the Magnitude, seismic moment is 

a scalar that measures inelastic deformation at the seismic source.  

 

Mathematically the seismic moment could be expressed as: 

 

                 (3.2) 
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Where 

 

    = Seismic moment 

 

  = modulus of rigidity at the source 

 

  = seismic source area 

 

  = average slip on the fault plane 

3.5.3 Radiated seismic energy 

The radiated seismic energy is part of the total energy at the seismic source that is radiated as 

seismic waves. This energy is carried by the two body waves, i.e. the longitudinal P wave and 

the transversal S wave. Besides expressing the damage potential of the seismic event as a 

whole, the ratio of the component S and P wave energies can as well be used in determining 

the seismic event mechanism. Generally events with [     ] values greater than ten tend to 

be activated by shear mechanism; while non-shear mechanisms such as stress fracturing, 

tensile failure and volumetric stress change events have an [     ] ratio of 1 to 3 (Urbancic 

et al, 1992) . 

3.5.4 Stress drops 

The stress release at the source creates a drop in the stress field; this change is expressed as a 

stress drop. The results attained for this parameter is highly model dependent parameter and 

might not match with the actual stress drops in the rock mass (ACG, 2008).  

3.6 Damage scales 

As defined earlier in section 3.2 rockbursts are damages to excavations that occur in a sudden 

or violent manner and are associated with seismic events. The damage inflicted by rockbursts 

can be on the rock surface or on the rock support.  

Damage classification is done with visual observations. A consensual range of observed 

damages; such as volume of rock displaced from the excavation surface or area of shotcreate 

detached in response of the damage, could be stated as a working standard to make the 

classification of damages by different people uniform.  

The classification and grouping of damages with standardized damage scales will become of 

great value when it becomes possible to correlate these damage classes with seismic source 

parameters, distances from event locations, and resulting kinematic responses. This has been 

assessed in sections 3.7 and 4.3 of this thesis work. 

Two separate damage scales are applied in LKAB Kiruna mine, the rock damage level scale 

and the support damage level scale. 

3.6.1 Rock damage scale 

The rock damage scale describes the level of damage on the excavation surface. If the initial 

conditions of the excavation are recorded beforehand, the damage levels (both the rock and 

support) can be used in the development of a correlation between the size (energy, seismic 

moment or magnitude) of an event and the inflicted damage of its consequential rock burst at 

a given distance. This has been discusses more elaborately in section 3.7. 
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Five rock damage classes are used in the damage mappings carried out in LKAB Kiruna 

mine
2
, as shown in Table 3.1.  

 

Table 3.1: Rock damage levels 

Damage level designation Description 

R1 No damage 

R2 Minor damage, fallout volume < 0.5 m3 

R3 0.5 m3 < fallout volume  < 5 m3  

R4 5 m3 < fallout volume < 50 m3 

R5 fallout volume > 50 m3 

 

  

                                                            
2 The damage scales applied in LKAB Kiruna mine have profound similarity with the damage scales suggested 
by Kaiser et al (1992) as cited by Potvin (Potvin, 2009). Kaiser et al used measurements of the fallouts by 
weight in tons while volumetric measurements are applicable in the case of LKAB’s.  
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3.6.2 Support damage scale 

Five damage classes, ranging from no damage to a total collapse of the support system, are 

applied in damage mapping at LKAB Kiruna mine, as shown in Table 3.2. 

 

Table 3.2: Support damage levels 

Damage level designation Description 

S1 No damage 

S2 

Minor damage 

Reinforcement is loaded 

Cracks in shotcrete < 5 mm 

Bolt washers are damaged 

S3 

Minor to medium damage 

Stripped concrete reinforcing bars around the bolt washer 

Bulging mesh (net) 

Cracks in shotcrete > 5mm 

Bolt washers heavily deformed 

S4 

Medium to large damage 

Medium to large damage to the reinforcement system 

Major fallouts of the shotcrete 

Big bulging of mesh 

Larger scale of torn nets 

Torn rock bolts 

S5 

Total damage 

Collapse of the support system 

 

3.7 Scaling laws 

Events and phenomena are best explained when they can be expressed with measurements 

and numbers. With this it becomes possible to numerically interrelate and express physical 

conditions with lesser ambiguity. The term scaling law is used in this thesis to represent the 

theoretically and empirically developed inter-relationships between seismic source 

parameters, the distance between the seismic hypocenter to the point of interest, and the 

measured or calculated peak particle velocities. The development of realistic scaling laws can 

be materialized with the development of realistic damage models. 

 

The development of a damage model shall define the damage accurately incorporating the 

location of the damage relative to the seismic source that actually created the damage; and it 

should be possible to group data based on factors dominating specific response characteristics 

(Jenask, Kaiser, & Brummer, 1993).  

 

The study of mining induced seismicity with respect to source locations, orientations and 

sizes, and identification of characteristics of mining-induced source mechanisms require high 

quality waveforms over full frequency spectrum.  
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In particular cases, the analysis of the waveform is carried out with the intention of getting 

relationships that can be used in engineering design. Hence the scaling laws developed for the 

purpose of obtaining the extreme design loads in the engineering context might not be fully 

coherent with the seismological point of view (Kaiser & Maloney, 1997).  

 

Seismic energy, seismic moment, event magnitude, and static stress drop are the source 

parameters frequently analyzed in this thesis work. In a simplified statement, ground motions 

are proportional to the seismic energy released, and inversely proportional to the distance 

from the seismic source. The seismic moment is proportional to the area of slip and the 

average slip. The seismic energy is also related with the static stress drop and the seismic 

moment. Inter-relating the theoretical relationships and applying empirical knowledge results 

in mathematical correlations that can explain the interdependence of the source parameters, 

kinetic and kinematic responses of the rock mass at the point of interest, and the damage 

incurred. Afterwards scaling laws that can be used for design and back-analysis purposes can 

be derived out of these inter-relationships, with the verification of the relationships by 

statistical regression of data gathered with the seismic monitoring system.  

 

Various theoretical and empirical approaches have been investigated for the development of a 

scaling law for the Kiruna mine in this thesis. The development and analysis of the scaling 

laws used is broadly discussed in Chapter 4.  
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4. SURVEY AND ANALYSIS OF DATA 

4.1 Compilation of seismic data 
The seismic data used for this work is compiled from the mine archives and seismic 

monitoring software outputs for events that occurred from the14
th

 November 2008 to 1
st
 

January 2011. 

4.1.1 Mine archive documents 

The mine archive documents include different types of reports and correspondences in the 

company. The archives are available in hard copies and in electronic versions. Internal 

messages, periodic reports, rock mechanics engineer‟s diaries and internal investigation 

reports have been exploited in the creation of the database.  

 

 Message Reports (Meddelande Rapport) and Rock mechanic journals 

(bergdagbok) 

These are short documentation of seismic events that have taken place in the mine, 

including both damages on the infrastructure and seismic events that have high 

magnitudes but did not cause any immediate damage. Documentation is usually done 

block wise with time and date of occurrences.  

 

 Seismic damage reports 

Unlike the types of the reports mentioned above, only seismic events that caused damages 

are reported in this group. Damages inflicted on the rock mass in drifts, cross-cuts and the 

support system are reported.  

 

 Internal investigations reports 

Internal investigations reports are more detailed compared to the last two named 

document report forms. It‟s compiled after a major fall of ground or damage caused by 

seismic events. The investigation is carried out by a senior mine engineer on a broader 

basis including the damage mapping, geological and MS-RAP structure properties and 

location in content to the fallout location, seismic and rock stress analyses, in order to 

find out the cause of the fall of ground at  the block and levels in question.  

 

4.1.2 Seismic monitoring software outputs 

The mine seismicity is analyzed with real time monitoring system encompassing 

manipulating software. Among the applicable software, the waveform analysis software 

JMTS and the mine seismic visualization and analysis software JDI have been used in this 

database creation. 

 

  Data from JMTS waveform analysis software 

The seismic parameters are calculated by the fully automated seismological processing 

software JMTS, developed by ISS International. The 149 seismic events with a local 

magnitude of 1.2 or greater in the period 14
th

 of November 2008 to 1
st
 January 2011, and 

each of the corresponding distance and velocity were taken from the JMTS. 

 

The software can also be used to cross check: 

a) Blast mistakenly interpreted as a seismic event 
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b) The documented seismic data correspond with the JMTS online server e.g. individual 

seismic data or parameter, date and time. 

 

 Data from JDI seismic visualization and analysis software 

Part of the database creation for this project is carried out with the help of JDI Seismic 

Visualization and Analysis software developed by ISS International and its integrated 

Micro-station mine map. 

 

Seismic events in the hanging wall are not considered to cause damages to the mine‟s 

underground infrastructures. Hence the seismic events in the hanging wall were excluded 

from the collected seismic data, using the filter parameters in the JDI by visually separating 

the hanging wall; resulting in 149 seismic events in the whole mine that fulfill the required 

criteria. Below are the used some source parameters for each individual seismic event that is 

exported. 

 Date and time  

 

 Local  magnitude [  ] 

 

 Seismic source locations including, in X,Y,Z coordinate  

 

 Seismic moment [  ] 

 

 Energy ratio [     ] 

 

4.1.3 The criterias for the seismic database 

The created database, as discussed above, is constrained to some boundary conditions. These 

limitations are: 

 Magnitude constraint: only         unless associated with damage. 

 

 Time limitations: from 14
th

 November 2008 to January 1
st
 2011. Depicts the period 

after the implementation of the new seismic monitoring system and to limit the data 

entry date. 

 

 Data and parameters constraint: only seismic events with complete data e.g. date, 

time, location seismic occurrences, and source parameter that matches with those in 

the seismic software, plus damage location and dimensions of fallouts 

 

 Exclusion of seismic events induced by a blasting. 

 

The input data of the seismic events include: 

 

 The seismic event ID allocated to it, the time and date and the Block number as to 

when the event happened and easily to traces. 

 

 Block number and level (m) in the mine where the individual seismic event or damage 

may have taken place.  
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 Event locations in X, Y, Z (m) coordinates in the mine for both the damage and 

seismic events responsible. 

 

 Peak particle velocities (mm/s) and distance (m) between seismic sources and 

geophones. 

 

 Calculated distance between the known seismic source location and the damage 

location in meters. 

 

 Dimensions of inflicted damage by the seismic event to rock mass and support 

system. The input dimension parameters are in cubic meters and kg or ton, which 

where approximated visually by the mine engineers. 

4.1.4 Error margins 

There are several possible sources for errors sources in the seismic database. The major 

sources include: 

 

 Location of the hypocenter. 

 

 Locating the damage coordinates: gives inaccurate distance „R‟ between the 

hypocenter and the damage. 

 

 Estimating the volume of fallouts: gives wrong damage level classification. 

 

 Recording the time the damage was inflicted: in days when several events happen, it 

makes it difficult to clearly associate the event and the damage. 

 

In addition to the error margins in locating the event hypocenter given by the software itself, 

LKAB conducts test blasts to examine the accuracy of the system. Hence the location errors 

from the test blasts are included when establishing association between the scale distance 

(SD) and the related peak particle velocity (ppv) at the geophones in section 4.2.2. See 

Appendix 2 for more information on the error margins. 
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4.1.5 Summary of damages 

The summary of the damages are shown in Table 4.1. Details of the damages are presented in 

Appendix 1.  

 

Table 4.1 Summary of damages 

Block naming  Block number  Nr. of damage events 

Block (09-08-04)  Block 9 0 

Block (12-10)  Block 12  0 

Block (16-15)  Block 16  0 

Block (22-19)  Block 19  19 

Block (26-25)  Block 25  13 

Block (30-28)  Block 28  5 

Block (34-33)  Block 33  19 

Block (38-37)  Block 37  15 

Block (41-40)  Block 40  6 

Block (45)  Block 45  2 

Total  79 

4.2 Development of seismic parameters correlation “Scaling Laws” 

4.2.1 Seismic moment-distance-peak particle velocity correlation 

The seismic moment is the component parameter of the seismic signal that best explains the 

strength of the seismic event. In the year 1966 Keiiti Aki introduced a mathematical 

relationship which made possible to estimate the seismic moment of earthquakes from 

seismograms. Simply stated, the seismic moment equals the product of the fault area 

ruptured, the rigidity and the average fault slip (Richards, 2005). In other words the seismic 

moment is directly proportional to the product of the area of slip and the slip distance with 

the rigidity of the rock mass as a constant of proportionality.  

Mathematically:  

 

                   (4.1) 

Where 

 

Mo = Seismic moment 

 

A = Area of slip 

 

D =Slip distance 

 

The seismic energy is related to the area of slip and the slip distance, but it also depends 

directly on the static stress drop at the source. 

Mathematically: 

 

                     (4.2) 
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Where 

 

    = Seismic energy 

   = Static stress drop 

  = Area of slip 

  = Slip distance 

Equations (4.1) and (4.2) can be solved simultaneously to produce another equation that 

relates the seismic energy, seismic moment and the static stress drop. 

 

Mathematically: 

                    (4.3) 

 

Perret (1972) showed that, theoretically, the seismic energy is proportional to R
2
v

2
 or: 

Mathematically: 

 

                   (4.4a) 

Or taking the logarithmic values of both sides of the equation  

 

     (  )                (4.4b) 

Combining (4.3) and (4.4b) and introducing proportionality constant “C” in to the equation, 

we get a logarithmic linear equation that relates two seismic source parameters (seismic 

moment and static stress drop), distance to point of interest, and the kinematic response of the 

ground in terms of peak particle velocity.  

 

   (  )                                (4.5) 

Kaiser and Maloney (1997) proposed this relationship verifying it with world wide database 

where the constant “C” is to be determined pertaining to the specific condition of the mine. 

 

Coming to the specific conditions of the Kiirunavaara mine and having the source parameters 

for each seismic event in general, particle velocities at the locations of the geophones in 

particular for each event recorded by the seismic monitoring system. The distance from the 

geophones to the seismic hypocenter is calculated with the ISS seismic monitoring software. 

A single seismic event is recorded by several geophones. The norm in the ISS software 

analysis is an event shall be registered by at least six geophones so that it can be processed, 

otherwise it is rejected. This means we have at least six particle velocities registered by six 

geophones at six different radii.  

 

In this thesis work, the maximum ground motion velocities recorded was used for the 

intention to calculating the peak particle velocities, and their respective distances from the 

seismic source, to apply for in the linear regression. As an alternative, there was 

consideration of the average velocities and average radii, and the output is shown in the 

appendices.  
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A simple linear regression has been conducted with parameters log [Rv] and log [Mo Δσ ] to 

get a linear equation that best fits the data set collected from the wave form analysis software 

(Figure 4.1). The slope of the linear equation is found to be very close to the theoretical value 

of 0.5 as shown in equation (4.5).  

 

 
Figure 4.1: Best fit regression of Log (Rv) - Log (MoΔσ) on the data base pool 

 

By adjusting the y-intercept of the equation, this relationship can be fit in to the theoretical 

statement. The other important point here will be adjusting the relationship in to a desirable 

confidence limit. We need very high confidence interval when we are using the relationship 

for design purpose; with this intention the equation has been formulated at 95% confidence 

interval (Figure 4.3). But if our intention is guessing the ppv at a damage location, it is more 

reasonable to use the equation at a confidence interval of 50%; hence a correlation at 50% 

confidence has also been stated (Figure 4.2).  

Log(Rv)= 0,5308Log(M0Δσ) - 4,1241 
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Figure 4.2: Adjusted Log (Rv) - Log (MoΔσ) correlation at 50% statistical confidence 

interval –recommended for back-analysis computations 

 

 
Figure 4.3: Adjusted Log (Rv) -Log (MoΔσ) correlation at 95% statistical confidence 

interval –recommended for design 
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4.2.2 Scaled distance-magnitude-ppv correlation 

In order to examine the data from 149 seismic events that fulfilled the criteria mentioned in 

section 4.1.3, the distance between the geophone and hypocenter is scaled to the magnitude. 

It was then possible to establish association between the scaled distances (SD) and the 

measured peak particle velocity (ppv). 

 

Hedley (1992) established a relationship of ground motions‟ data, based on several studies in 

blasting. The relationship is based on the assumption that the seismic energy radiated from 

seismic events can be alternatively explained with the chemical energy contained in an 

explosive. 

  

     
 

     
 

 

        
          (4.6) 

And ppv as a function of the seismic event presented as 

 

Where 

 

                    (4.7) 

    = Nuttli Scaled Distance 

 

   = Nuttli magnitude  

 

    = Peak particle velocity [mm/s] 

 

C = Decay factor  

 

b = attenuation or decay factor of a seismic wave. 

 

R = distance from source to the location of interest [m] 

 

a = proportionality exponent 

 

In South African gold mines a different type of equation (McGarr et al, 1981) is used  to 

correlate the seismic event magnitude (  ) on the local Richter scale, R distance (meters) 

and the peak particle velocity (mm/s) (Jenask, Kaiser, & Brummer, 1993). The “a” value 

while using the Richter scale is 0.57 instead of 0.33 of the Nuttli scale. 

 

                          (4.8) 

    
   

 

     
  

 

        
        (4.9) 

And 

 

     (
 

        
)
 

         (4.10) 

Where 

 

    
 = Scaled Distance Richter magnitude  
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   = Richter magnitude  

a = 0.57 adopted from McGarr et al (1981) 

The theoretical proportionality between parameters are used to formulate the mathematical 

relationships, where at 50 percent or best fit for the back analysis at the time of damage 

infliction at the rock mass and support system around the drifts. 

 

Specific correlation decay factor C and b mentioned in equation (4.10) were determined by 

regression analysis, were the measured ppv is a function of the scale distance in a double 

logarithmic chart presented below using Kiruna local magnitude. (Figure 4.4) 

 

 
Figure 4.4 SD-ppv correlations after considering location error 

The equations obtained from the regression corresponds to the 50 percent confidence, which 

an R- squared value of 0.7907. (See Figure 4.4) This equation formulates the conventional 

scaling laws that are formulated for the 149 seismic events from 14th November 2008 to 1st 

January 2011 with local magnitude         
 

Where in the diagram  

 

   = Correlation coefficient, (R-squared value is the square of the correlation coefficient that 

gives a measure of the reliability of the power function relationship between the scaled 

distance (m) and peak particle velocity (mm/s) values. The R-squared value close to 1 

indicates excellent power function reliability.) 

ppv = 1605.5 x (SD)-1.6 
R² = 0.7907 
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          (
 

        
)
    

        (4.11) 

    = Average SD attenuation relationship for velocity [mm/s] 

 

   = local magnitude  

 

  = Distance [m] 

 

The equation (4.11) is a power function where the slope coefficient is in double logarithm 

chart for the equation represented by constant a (0.57) which is a straight line and the 

intercept (SD =1) will give the b(-1.6) and C (1605.5) decay factors.  

 

The error correction was resolved by adding the average location error of the Block in 

question to distance measured between the seismic event and the geophone, that which give 

the maximum ppv as function of the scale distance. 

 

Determination of the peak particle velocity at the openings of the excavation in Kiirunavaara 

mine underground mine was determined by applying equation (4.11) into each case history of 

the seismic event that caused damage.  

 

In this damage analysis and assessment it‟s observed: First relatively smaller ppv values 

which are calculated with the scaling laws have caused significant damages. Secondly ppv is 

not directly proportional to the rock damage level see Figure 4.5. 
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Figure 4.5: Magnitude-distance-ppv-rock damage level diagram 
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4.2.3 Estimation of peak particle velocity  

A simplified equation below was suggested by Kaiser et al, (1996), which can be applied to 

estimate peak particle velocities.  

 

       (
       

 
)        (4.12) 

Where 

 

    = is the estimated peak particle velocity [m/s] at a location of damage 

 

   = Local magnitude scale 

 

R = Distance [m] from the seismic source event to the location of damage  

 

Equation (4.12) is used for the assessment of the excavation vulnerability potential as shown 

in section 4.3; because it was calibrated with the empirical methodology described in section 

(4.3.1).that allows the comparisons of the rock damage classification of observed damage and 

the theoretical for a few seismic events. This approach gives the maximum possible values of 

ppv when compared to the other equations applied here. 

 

4.3 Damage analysis and assessment 

The severity of damage inflicted as a result of rockbursts is explained as a function of damage 

scales as mentioned in section 3.6. In this subsection we will assess the relationship between 

the seismic event strength and kinematic responses with the damage levels.  

 

In section 4.2 we developed a correlation between the seismic source parameters and the 

resulting peak particle velocities. This relationship will make it possible to calculate the peak 

particle velocities at the fallout locations.  

 

The initial conditions of an opening are so vital that stating a minimum magnitude of peak 

particle velocity that could create damage can be erroneous without that understanding. 

Hedley (1992) proposed no damage should be encountered at a ppv less than 50 mm/s, falls 

of loose rock occur at 50 mm/s < ppv < 300 mm/s, falls of ground are encountered for 300 

mm/s < ppv < 600 mm/s and severe damages are expected to occur at ppv > 600 mm/s 

(Kaiser, Tannant, McCreath & Jesenak. 1992). These conclusions could not be taken to be 

universally applicable since the different conditions at openings result in different responses.  

 

In very weak openings with structural formations very small values of ppv, such as ppv as 

low as 1mm/s, might cause damages. For instance Butler and Aswegen (1993) demonstrated 

with data from South African gold mines that peak particle velocities less than 1mm/s could 

trigger failures of marginally stable block of rock. (Alcott, Kaiser & Simser, 1998) 

 

In this damage analysis and assessment two key points are observed. First; relatively smaller 

ppv values which are calculated with the scaling laws have caused significant damages. 

Second; ppv is not directly proportional to the rock damage level, see Figure 4.5. 

 

Excavation vulnerability assessment was done in selected points to assess this phenomenon. 
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4.3.1 Excavation vulnerability assessment 

Excavation vulnerability assessment (EVP) includes more factors that interpret the seismic 

shockwave interaction with the mine geology and infrastructure. The four primary factors in 

this assessment are: stress condition factor, ground support capacity, excavation span and 

geological structures (Heal & Potvin, 2006).  

 

Because the limited parameters available a few events from Block 19 and 40 were used cause 

they had the necessary parameters needed to carry out the EVP assessment. 

 

The empirical methodology was described by Heal et al, (2006), as stated in equation (4.13). 

 

     
                        (  )

                        (  )
   

              (  )

                    (  )
 (4.13) 

 

Stress condition factor (E1) 

 

                            
      (   )

   
       (4.14) 

Where 

 

    [MPa] = the mining induced maximum principal stress at location of interest (not 

necessarily the seismic event location), as determined from the internal investigation reports 

for Block 19 (Boskovic, 2010) and 40 (Boskovic, 2010) by the mine engineers, see Table 4.2.  

 

UCS    [MPa] = intact unconfined compressive strength. Average strength values in the rock 

types of the footwall taken (refer chapter2), as shown in Table 4.2.  

 

Table 4.2 Stress condition factor (E1) Block 19 and 40 

Event ID [New] σ1 [MPa] σc [MPa] Stress condition (E1) 

Block 40 Nr.7 58-54 300-210 19.3 

Block 40 Nr.7 58-55 300-211 19.3 

Block 40 Nr.8 58-56 300-212 19.3 

Block 19 Nr.28 48-47 300-210 16.0 

Block 19 Nr.28 48-47 300-211 16.0 

Block 19 Nr.29 50-49 300-212 16.7 

Block 19 Nr.36 49 300-213 16.3 

Block 19 Nr.36 49 300-214 16.3 

Block 19 Nr.36 49 300-215 16.3 
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Ground support capacity (  )  

 

Ground support capacity (  ) values, in Table 4.3, were determined according Heal et al. 

(2006) (See Appendix 3. Figure A3.2). Support system in Block 19 and 40 was constituted of 

100 mm of shotcrete, Kiruna bolt and in some areas cable bolts. Table 4.3 shows the rating 

values of   . 

 

Table 4.3 Ground support capacity (E2) 

Event ID [New] Reinforcement type E2 rating 

Block 40 Nr.7 Fibrecrete, bolting and cable 10.0 

Block 40 Nr.7 Fibrecrete, bolting and cable 10.0 

Block 40 Nr.8 Fibrecrete, bolting and cable 10.0 

Block 19 Nr.28 Fibrecrete, bolting and cable 10.0 

Block 19 Nr.28 Fibrecrete, bolting and cable 10.0 

Block 19 Nr.29 Fibrecrete, bolting and cable 10.0 

Block 19 Nr.36 Fibrecrete, bolting and cable 10.0 

Block 19 Nr.36 Fibrecrete, bolting and cable 10.0 

Block 19 Nr.36 Fibrecrete, bolting and cable 10.0 

 

Excavation span (  ) 

The excavation span factor is defined as the diameter in meters of the largest circle that can 

be drawn within an excavation (See also in Appendix 3. Figure A3.1). The values were 

determined in Table 4.4. 

 

Table 4.4 Excavation Span (E3) 

Event ID [New] Area discription Diameter [m] 

Block 40 Nr.7 Cross section 13.10 

Block 40 Nr.7 Cross section 13.10 

Block 40 Nr.8 Cross section 13.10 

Block 19 Nr.28 Drift 7.0 

Block 19 Nr.28 Drift 7.0 

Block 19 Nr.29 Drift 7.0 

Block 19 Nr.36 Drift 7.0 

Block 19 Nr.36 Drift 7.0 

Block 19 Nr.36 Drift 7.0 

 

Geological structure (  ) 

 

The geological structure was determined from the documented structure in the area where the 

damage is located. These were predetermined in the internal investigation report for Block 19 

and Block 40. Table A3.3 in appendix 3 describes the ratings results in Table 4.5.  
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Table 4.5 Geological structure (E4) 

Event ID [New] Description E4 rating 

Block 40 Nr.7 Structure A and Structure Y 41.5 0.5 

Block 40 Nr.7 Structure A and Structure Y 41.6 0.5 

Block 40 Nr.8 Structure A and Structure Y 41.7 0.5 

Block 19 Nr.28 Structure B19C 0.5 

Block 19 Nr.28 Structure B19C 0.5 

Block 19 Nr.29 Structure B19C-D 0.5 

Block 19 Nr.36 Structure B19CB 0.5 

Block 19 Nr.36 Structure B19CB 0.5 

Block 19 Nr.36 Structure B19CB 0.5 

 

Applying equation (4.13) on the determined factors, EVP values were calculated. The peak 

particle velocities were then after calculated using the simplified Kaiser et al (1996) equation. 

An empirical diagram developed by Heal et al (2006) shown in Figure 4.6 was used to 

determine the theoretical damage level that is expected with those values of ppv and EVP. 

The results as demonstrated in Table 4.6 are deviant from the observed damage level or 

damage classification.  

 
Figure 4.6: Empirical chart relating the largest probable ground motion (ppv) to the 

excavation vulnerability potential to assess the rock burst potential damage (Heal & 

Potvin, 2006). 
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Table 4.6 Comparison between actual rock damage levels and calculated damage levels 

Event ID [New] 
Mag 

[ML] 

Level 

[m] 

Distance 

[m] 

Observed 

damage level  

PPV 

[m/s] 
EVP  

Theoretical 

damage level 

(From Figure 4.6)  

Block 40 Nr.7 1.8 1020 33.7 R2 0.33 50.6 R1 

Block 40 Nr.7 1.8 1020 41.9 R2 0.27 50.6 R1 

Block 40 Nr.8 0.9 1070 28.7 R3 0.14 50.6 R1 

Block 19 Nr.28 1.8 935 61.1 R2 0.18 28.0 R1 

Block 19 Nr.28 1.8 964 40.6 R3 0.27 22.4 R1 

Block 19 Nr.29 1.5 964 14.8 R2 0.27 22.4 R1 

Block 19 Nr.36 1.7 935 108.6 R3 0.09 22.4 R1 

Block 19 Nr.36 1.7 993 68.5 R4 0.14 22.4 R1 

Block 19 Nr.36 1.7 964 114.9 R5 0.09 22.4 R1 

 

As shown in the analysis, very low ppv values; some of them lower than 1 mm/s, have caused 

rock damages that belong to RDL 3 and 4. With assuming that it is very unlikely that an 

opening that was in stable equilibrium to fail at such low values of ppv. Hence, it can be 

reasonably doubted if the cause of failure for such cases was actually the seismic event. Cases 

according to the empirical relationship demonstrated above, suggest much lower rock damage 

levels than were observed in reality in the Kiirunavaara mine. 
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4.4 Sensitivity analysis 

Some parameters of the rock mass govern the general behavior of the rock to a higher degree, 

and slight variations could greatly affect the overall performance. Sensitivity analysis is done 

with mathematical statistics and numerical simulations to find out how sensitively a 

parameter could affect the performance of the rock mass. Erroneous assumptions in the 

sensitive parameters could easily give a highly flawed model and design in a similar fashion. 

It can as well be questioned how sensitive is the rockburst damage to the seismic source 

parameters measured with the seismic monitoring system.  

 

The information acquired by the seismic monitoring system is subject to errors. Calculated 

location errors are shown in the outputs of the monitoring software. Furthermore LKAB 

makes test blasts to verify if the seismic source locations registered by the monitoring system 

are accurate. Observing the tests carried out in different blocks in the years 2008 to 2010, it is 

evident that there is considerable improvement in the accuracy of the monitoring system over 

that period. However the error margins recorded are still significant to influence and alter the 

realistic representation of the scaling laws derived based on the data acquired by the seismic 

monitoring system.  

 

As discussed at the beginning of this chapter, efforts have been made to take into 

consideration the possible seismic event source locations. With that regard the regression 

analyses were made taking the source location error margins into consideration. But the 

possible location error on the location of the fallouts has not been considered. 

 

Hence the damage assessment was re-done in this framework taking new assumptions into 

consideration. As clearly shown in the damage assessment diagram in section 4.3, 75% of the 

rock damages are associated with ppv values less than or equal to 50 mm/s. This deviates 

from suggestions of many literatures written in the subject area. Hence a sensitivity analysis 

was made by assuming an average location error of 25 m on the fallouts locations and an 

average error of 0.5 on the magnitude of the seismic event in local scale. 

 

This resulted in a different result, now the damage assessment diagram shows that 75% of the 

damages are associated with ppv values greater than 50 mm/s, as shown in Figure 4.7. The 

non-proportional relationship between damage levels and ppv, however, still continues to be 

observed.  
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Figure 4.7: Modified magnitude-distance-ppv-Rock damage level diagram for sensitivity analysis 
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5. INVESTIGATION OF BLOCK 19 LEVEL 964 

The footwall drift at the level 964 of Block 19 has suffered a series of rock damages in the 

years 2009 and 2010. A major damage in 2010 has caused the complete closure of the drift, 

with total collapse of the rock support system resulting in rock fallout of about 200 m
3
 in 

volume. Although the mechanism of the failure is not clearly explained so far, data acquired 

from the seismic monitoring system indicate the failure is associated with seismic events that 

occurred in the vicinity of the drift. 

 

This chapter investigates the events in the footwall drift. The structural geology in the drift 

area is discussed. Summary of the damage mapping carried out is presented. Characteristics 

of the rock support elements applied in the location are outlined. And finally a seismic 

analysis is presented suggesting the probable mechanism of the seismic events. 

 

5.1 Geology 

The rock types found in the footwall drift include SP3, SP4 and trachyte. The properties of 

these rock types are detailed in Chapter 2.  

 

The structure map constructed based on the plane, strike and dip of each are highlighted as 

shown in Figure 5.1 below, taken from internal report (Dahnér, 2010). The bold lines indicate 

zones that are or have been seismic active at that level. Zones projected downwards or in the 

plane are presented with a dashed line, though no zone has been projected more than one 

level below. 

 

 
Figure 5.1: Structures orientations in block 19. L964, 
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5.2 Damage mapping 

The footwall drift at level 964 of Block 19 has suffered massive damage. A total of six 

damages with rock fallouts have been reported and associated with seismic events in the 

period between 2009 and 2010. The mapping of the footwall drift that has been severely 

damaged was carried out on 26
th

 and 28
th

 of January 2011.  

 

The mapping can be referred to as a damage mapping, since it was impossible to do 

geological mapping as most of the remaining drift was covered with shotcrete, and the 

collapsed part was impossible to map. 5 m spans of segments were taken, in accordance with 

the suggestion of Kaiser et al (1992), so that it would be possible to correlate the damage 

level with the seismic event magnitude that caused it. For ease of interpretation the entrance 

of the footwall drift has been taken as a starting point of measurement or chainage 00 and 

distances are measured from that point of reference.  

 

Table 5.1 shows the damage levels. 

 

Table 5.1: Damage mapping of Block19, level 964 with RDS and SDS 

 

Left Hand Side Right Hand Side 

Chainage RDS SDS Chainage RDS SDS 

0-5 1 1 0-5 1 1 

5-10 1 1 5-10 3 3 

10-15 1 1 10-15 1 1 

15-20 3 4 15-20 1 1 

20-25 1 3 20-25 1 1 

25-30 2 3 25-30 4 3 

30-35 4 4 30-35 4 3 

35-40 2 3 35-40 2 2 

40-45 2 3 40-45 2 2 

45-50 4 4 45-50 2 3 

50-55 3 3 50-55 2 3 

55-60 4 5 55-60 2 2 

60-65 4 5 60-65 2 2 

65- 5 5 65- 2 2 

LHS RHS 

Ore body side Footwall side 
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Damage on Shotcrete:  

10 cm thick fiber reinforced shotcrete has been applied throughout the footwall drift in 

Block19, level 964; in conjunction with other support systems. Observed damage effects in 

the location range from a fresh surface to a totally collapsed system. 

 

Damage on wire mesh:  

Portion of the footwall drift (half wall and anfang
3
 in the left hand side of the drift) in 

Block19, Level 964 has been supported by wire mesh as an external retaining system over the 

shotcrete. Damage ranges from intact to total collapse (Figure 5.2).  

 

 
Figure 5.2: A totally failed wire mesh support in the footwall drift of Block19. Level 964 

 

Damage on Kiruna bolts:  

In the first 35 m it was the only type of bolt applied in the drift, with an average spacing of 1 

m. After the 35
th

 meter it is used in combination with the cable bolts. It was not possible to 

count the total number of rock bolts damaged or torn out as a consequence of the major 

damage after the 65
th

 meter. In the intermediate damage about 20 m from the entrance of the 

drift, on the left hand side, 15 Kiruna type rock bolts were counted to be torn off. A sample of 

the bolt taken from the debris manifests a shear type of failure on the rock bolt (Figure. 5.3).  

                                                            
3 The term refers to the curve at the junction area of the roof and the wall of an excavation  
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Figure 5.3: Kiruna bolt taken from the debris of the fallout some 30m from the drift 

entrance. The bolt shows shearing. 
 

Damage on cable bolts:  

The support system of Block19, Level 964 included cable bolts in addition to fiber reinforced 

shotcrete, wire mesh and Kiruna bolts. Cable bolting started some 35 m after the entrance of 

the footwall drift in interest in conjunction with Kiruna bolts. Interestingly one of the major 

fallout, which is about 200 m
3
 in volume, happened in the area that is supported by the cable 

bolts (Figure 5.4). The moderate energy absorption capacity of cable bolts can be directly 

related with this case.  

 

 
Figure 5.4: Severe damage on the rock support system in Block 19. Level 964 with cable 

bolts are torn out, a big boulder from the roof remains suspended with a cable bolt 
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A correlation of a damage level with a seismic event will only become meaningful if the 

conditions of the opening right before the seismic event are known, and are later compared 

with the conditions of the opening after the seismic event. If a fresh undamaged excavation is 

totally collapsed, with rock damage level designation of R5 and support damage designation 

of S5 with a given magnitude of seismic event from a given distance, then one can logically 

correlate the event magnitude with that damage level at that distance. But if the excavation 

was somewhat distressed and damaged before that event, and if the outcome of the seismic 

event is aggravating the existing damage to a level of total closure, then this correlation will 

become unrepresentative of the actual effect of the seismic event. Hence correlations of 

seismic source parameters with damage levels become meaningless without the prior 

knowledge of initial conditions. This has been the case in correlating the damage levels in 

this specific case. 

 

The damage level in the left hand side (ore body side) is more severe as shown in Table 5.1 

and Figure 5.6. The case is associated with the stress field and the location of seismic event 

source. This is discussed more broadly in the upcoming sections. 

 

5.3 Seismic analysis 

The objective of the seismic analysis is to understand the mechanism of the seismic events 

that caused damages in Block19, level 964, and to explain the mechanism the rockbursts 

happened in the location. The basis of the analysis is the data acquired by the seismic 

monitoring system and the reports made on the failures in the location.  

 

According to the documents available six damages have been reported in the years 2009 and 

2010 that have been associated with five seismic events. The events and the damages are 

summarized in Table 5.2 and are shown in Figure 5.5.  

 

Table 5.2: Fallouts associated with seismic events in the footwall drift 

No. Date  Time 
Mag 

[ML] 

Event Location Fallout Location 
Dista 

nce 

[m] 

Damage 

dimension 

[kg] x y z x y z 

1 2009-05-15 01:25:34 1.9 6300 1862 -863 6146 1892 -964 187 200 

1 2009-05-15 01:25:34 1.9 6300 1862 -863 6147 1913 -964 191 3000 

2 2010-02-11 04:54:37 1.2 6142 1904 -957 6148 1933 -964 30 1200 

3 2010-02-19 04:19:06 1.8 6154 1962 -950 6157 2000 -964 41 9000 

4 2010-02-20 12:28:10 1.5 6148 1935 -993 6152 1939 -964 30 500 

5 2010-04-23 08:55:42 1.7 6133 1864 -941 6153 1974 -964 114 500000 
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Figure 5.5: Seismic and fallouts in the footwall drift of Block19, level 964. Green color shows the event location and red color shows the 

fallout location. The seismic events that caused the fallouts are designated with the same numbers as the fallouts.  
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Event No. 1 (2009-05-15) 

 

Event Magnitude = 1.9 

 

Energy Ratio (Es/Ep) = 40 

 

Event time=01:25:34 

 

With its high energy ratio this event can be suggested to be a fault slip seismic event. The 

time of the event is inside the blasting window time; hence a fault slip seismic event 

mechanism triggered by blasting shocks can be a good explanation for this seismic event. 

 

Event No. 2 (2010-02-11) 

 

Event Magnitude = 1.2 

 

Energy Ratio (Es/Ep) = 26 

 

Event time=04:54:37 

 

Event No. 3 (2010-02-19) 

 

Event Magnitude = 1.8 

 

Energy Ratio (Es/Ep) = 37 

 

Event time=04:19:06 

 

Event No. 4 (2010-02-20) 

 

Event Magnitude = 1.5 

 

Energy Ratio (Es/Ep) = 24 

 

Event time=12:28:10 

 

The above three events have high energy ratios, which implies a fault slip seismic event 

mechanism. Furthermore the events happened outside the blasting window time. Hence the 

seismic event mechanisms are possibly fault slip. 

 

Event No. 5 (2010-04-23) 

 

Event Magnitude = 1.7 

 

Energy Ratio (Es/Ep) = 105 

 

Event time=08:55:42 

 

Special note: the damage associated with this seismic event has caused the total closure of the 

footwall drift. 



57 
 

The very high values of the energy ratio coupled with the time the event happened lead to the 

suggestion that this is most probably a fault slip seismic event mechanism. 

 

Observing the two analyses made, namely energy ratio analysis and diurnal (time of 

occurrence) analysis, our suggestion is that the seismic event mechanisms in Block 19, level 

964, that caused damages are fault slip seismic event mechanisms. 
 

 
Figure 5.6: Damage in the footwall drift, the drift has been severely damaged in the left 

hand side where the seismic event sources are located; the right hand side is relatively 

undamaged.  
 

Another interesting observation is the location of the damage, which is in the side of the 

location of the seismic events as shown in Figure 5.5 and Figure 6.6. This can be explained 

with the wavelength, λ, of the seismic wave in comparison to the size of the opening. 

 

If an opening is much smaller relative to the wave length of a seismic event, it probably 

survives the effect of the event and waves pass through without damage. On the other hand if 

an opening is much bigger than the wave length of the seismic signal, the effect will attenuate 

in the vacuum of the opening. High frequency and high magnitude seismic waves may break 

rock and eject rock blocks from one wall of an excavation while the other wall is not affected 

(Xiaoping & Kaiser, 1993). This has been the case in the drift. The right hand side has 

virtually survived the seismic event with no or little effect.  
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6. CONCLUSION AND RECOMMENDATIONS  

In the path of achieving the goals of the thesis work which include establishment of 

parameter correlations, damage mapping and seismic mechanism analysis, several notes have 

been taken. Some of these can be presented as conclusions, and recommendations will be 

made accordingly.  

 

6.1 Conclusions 

Some conclusions could be deduced from the analysis of data and the damage assessments. 

6.1.1 Scaling laws 

The relationship between the seismic moment, distance and peak particle velocities is verified 

to hold a pattern which could be expressed with equations. Accordingly the following 

equations (6.1) (6.2) and (4.10) can be used as scaling laws applicable in Kiirunavaara  
 

   (  )         (    ) –             (6.1) 

   (  )         (    ) –              (6.2) 

 

Where 

 

 = distance from seismic hypocenter [m] 

 

  = Peak particle velocity [m/s] 

 

  = Seismic moment [GN.m]  

 

   = Static stress drop [Pa] 

 

     (
 

        
)
 

         (4.10) 

Where 

 

    = Peak particle velocity [mm/s] 

 

C = Decay factor  

 

b = attenuation or decay factor of a seismic wave. 

 

   = Local magnitude scale. 

 

R = Distance [m] from the seismic source event to the location a location of damage  
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6.1.2 Damage analysis and assessment 

According to the assessment done, significant damages and failures are observed with lower 

values of calculated peak particle velocities. This can be attributed to the prevailing 

unfavorable initial conditions of the openings before the seismic event; including high stress 

accumulations and rock blocks around openings that were in unstable equilibrium.  The 

volume of rock fallout or the level of damage is not directly proportional to the magnitude of 

seismic event or the resulting peak particle velocity in the Kiirunavaara mine.  

6.1.3 Sensitivity analysis 

The sensitivity analysis has shown significant difference in the magnitude-ppv-distance 

diagram (shown in Figure. 4.5), when it was re calculated with some assumptions. This 

shows outputs of the formulated relationships can be easily altered with small variations in 

the input source parameters and damage location measurements.  

6.1.4 Footwall drift in Block 19, level 964 

From the damage mapping and site inspection conducted, the failure in the drift can be 

deduced to be a shear failure. The failure is clearly related to the seismic events that occurred 

in its proximity. The seismic event mechanisms can be labeled fault slip events observing 

their energy ratios and time of the day they occurred. 

6.2 Recommendations 

6.2.1 Strategic recommendations 

The efficient integration of information gathered by the seismic monitoring system with the 

overall operation of the mining activities is essential. One of the most important components 

of the seismic monitoring system is the circular cycle of gathering underground information 

from the workforce and making the results of micro seismic monitoring available to the 

workforce at the mine in return. However, the trend in mines all over the world is that people 

become reluctant to go through the feedback system once the micro-seismic monitoring 

systems are installed and become operational. The Kiirunavaara mine is no exception.  

 

The feedbacks that come from the workforce in the mine have significantly diminished over 

the years. It is recommended to re-initiate the information flow system to get more precise 

data on seismicity. One of the major challenges in doing this thesis work was finding out the 

exact locations of the damages. The feedback system could enhance the quality of the 

information collected on the damage locations. As demonstrated in the sensitivity analysis, 

such errors undermine the accuracy of the calculations significantly. 

 

Blocks 19, 25, 33 and 37 have higher seismicity with higher rate of damage reports.  Hence 

the mining sequence in these blocks shall be carefully envisaged to avoid potential rockburst 

damages.  

 

6.2.2 Tactical recommendations 

The selection and design of rock supports must take seismicity and rockbursts into 

consideration. Rock supports in burst prone grounds shall have the capacity to withstand 

dynamic loading and high energy releases.  
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Appropriate stress relieving methods shall be implemented to avoid excessive stress 

concentrations that could lead to rockbursts. Contacts with the hanging wall shall be taken in 

to consideration in the design and sequencing of drift driving (Preventing the transmission of 

stresses between the hangingwall and the footwall that could activate large-scale structures in 

the area). 

6.2.3 Suggestion for future research 

With the prominent challenges the mine going to face as it continues to go deeper, more 

research works are vital to keep the safety and stability of the mine. One of this could be 

formulating a Kiirunavaara specific relationship to assess the excavation vulnerability 

potential (EVP) of openings.  
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APPENDICES  

Appendix 1.0 Damage data Block 19 

Table A1: Compiled seismic event and damage data in Block 19 

 
 

 

 

 

 
  

Event ID Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

Level

Block 19 Nr.7 2009-05-15 01:25:34 6300 1862 -863 1,9 964 6146 1892 -964 187 R3

Block 19 Nr.7 2009-05-15 01:25:34 6300 1862 -863 1,9 964 6147 1913 -964 191 R3

Block 19 Nr.8 2009-07-10 14:25:46 6127 2166 -918 -1,7 907 6272 2120 -905 153 R3

Block 19 Nr.9 2009-08-29 23:14:30 6265 2102 -912 -0,6 907 6274 2137 -907 36 R4

Block 19 Nr.11 2009-09-09 01:19:11 6170 2050 -1001 -0,3 907 6284 2123 -1002 135 R3

Block 19 Nr.17 2010-01-06 01:27:15 6264 1991 -886 0,8 935 6268 1995 -935 49 R5

Block 19 Nr.18 2010-01-06 01:27:19 6287 1928 -904 0,8 935 6268 1995 -935 76 R5

Block 19 Nr.24 2010-02-07 01:19:54 6183 1897 -965 0,4 993 6156 1900 -993 39 R3

Block 19 Nr.25 2010-02-08 13:26:44 6211 2114 -953 1,1 1080 6226 2290 -1080 218 R2

Block 19 Nr.25 2010-02-08 13:26:44 6211 2114 -953 1,1 993 6158 1908 -993 217 R3

Block 19 Nr.26 2010-02-11 04:54:37 6142 1904 -957 1,2 964 6148 1933 -964 31 R2

Block 19 Nr.28 2010-02-19 04:19:06 6154 1962 -950 1,8 935 6138 1905 -935 61 R2

Block 19 Nr.28 2010-02-19 04:19:06 6154 1962 -950 1,8 964 6157 2000 -964 41 R3

Block 19 Nr.29 2010-02-20 12:28:10 6148 1935 -993 1,5 964 6152 1938 -964 30 R2

Block 19 Nr.29 2010-02-20 12:28:10 6148 1935 -993 1,5 993 6163 1936 -993 15 R5

Block 19 Nr.33 2010-02-25 08:49:51 6177 1968 -1002 -0,3 1020 6186 1969 -1002 9 R3

Block 19 Nr.36 2010-04-23 08:55:42 6136 1864 -938 1,7 935 6138 1972 -935 109 R3

Block 19 Nr.36 2010-04-23 08:55:42 6136 1864 -938 1,7 993 6157 1898 -993 68 R4

Block 19 Nr.36 2010-04-23 08:55:42 6136 1864 -938 1,7 964 6153 1974 -964 115 R5
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Appendix 1.1 Damage data Block 25 

Table A2: Compiled seismic event and damage data in Block 25 

 
 

 

 

 

 

 

 

 

  

Event ID [New] Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

level

Block 25 Nr.8 2009-05-27 20:30:08 6113 2278 -963 1,5 900 6157 2297 -907 74 R4

Block 25 Nr.8 2009-05-27 20:30:08 6113 2278 -963 1,5 900 6157 2297 -907 74 R4

Block 25 Nr.14 2009-05-30 14:02:22 6288 2651 -1237 0,5 1252 6270 2651 -1252 23 R3

Block 25 Nr.19 2009-08-19 11:05:21 6269 2600 -1280 0,7 1252 6269 2600 -1252 28 R2

Block 25 Nr.25 2009-10-09 08:57:44 6223 2555 -975 0,6 964 6227 2525 -964 32 R2

Block 25 Nr.27 2009-11-12 02:26:18 6210 2474 -997 0,9 1020 6200 2460 -1020 29 R3

Block 25 Nr.28 2009-11-13 22:45:28 6203 2561 -962 0,6 964 6222 2559 -964 19 R4

Block 25 Nr.30 2009-12-17 20:26:49 6188 2515 -1054 -1,1 1045 6180 2554 -1022 51 R3

Block 25 Nr.32 2009-12-31 14:22:29 6242 2512 -925 -0,5 935 6230 2505 -929 14 R4

Block 25 Nr.32 2009-12-31 14:22:29 6242 2512 -925 -0,5 935 6229 2529 -929 22 R4

Block 25 Nr.35 2010-01-01 01:15:30 6243 2497 -909 1,4 935 6236 2553 -929 60 R4

Block 25 Nr.42 2010-06-02 01:22:00 6220 2661 -800 1 935 6192 2612 -929 141 R2

Block 25 Nr.48 2010-10-27 07:07:52 6151 2617 -897 1 935 6200 2634 -935 64 R2



66 
 

Appendix 1.2 Damage data Block 28 

Table A3: Compiled seismic event and damage data in Block 28 

 
 

 

 

 

 

  

Event ID Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

level

Block 28 Nr.5 2009-08-21 10:29:13 6094 2809 -1054 1,5 1045 6216 3161 -1045 373 R3

Block 28 Nr.6 2009-09-03 18:40:21 6192 2716 -1050 0,2 1080 6189 2715 -1064 14 R3

Block 28 Nr.11 2010-04-27 02:13:28 6194 2720 -917 1,3 935 6193 2722 -907 10 R4

Block 28 Nr.15 2010-06-23 12:58:52 6104 2795 -947 1,1 964 6217 2795 -964 114 R4

Block 28 Nr.14 2010-05-09 01:48:25 6196 3001 -959 1 964 6185 2990 -964 16 R3
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Appendix 1.3 Damage data Block 33 

Table A4: Compiled seismic event and damage data in Block 33 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

Event ID Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

class 

Block 33 Nr.4 2009-01-05 16:11:17 6270 3346 -933 0,3 935 6278 3349 -935 9 R3

Block 33 Nr.5 2009-01-31 02:53:41 6203 3365 -1046 2 993 6337 3340 -993 146 R3

Block 33 Nr.5 2009-01-31 02:53:41 6203 3365 -1046 2 964 6277 3345 -965 112 R4

Block 33 Nr.5 2009-01-31 02:53:41 6203 3365 -1046 2 1020 6282 3371 -1024 82 R5

Block 33 Nr.9 2009-02-04 17:20:12 6206 3377 -975 -0,7 964 6221 3361 -965 24 R3

Block 33 Nr.10 2009-04-04 01:02:09 6359 3440 -1044 0,4 964 6221 3361 -965 178 R3

Block 33 Nr.21 2009-05-15 17:50:06 6378 3458 -1039 -1,2 1047 6340 3433 -1047 46 R4

Block 33 Nr.22 2009-08-11 12:30:04 6192 3509 -1073 0,7 1070 6357 3556 -1070 172 R2

Block 33 Nr.24 2009-11-13 01:47:13 6320 3197 -973 2 964 6279 3265 -965 80 R3

Block 33 Nr.24 2009-11-13 01:47:13 6320 3197 -973 2 964 6261 3233 -965 70 R3

Block 33 Nr.27 2009-12-10 22:56:18 6411 3194 -1301 0,4 1365 6407 3187 -1360 60 R4

Block 33 Nr.29 2010-02-03 16:10:20 6536 3431 -1311 0,6 1338 6537 3431 -1338 27 R3

Block 33 Nr.40 2010-02-13 01:43:27 6420 3505 -925 0,7 1060 6310 3520 -1338 428 R3

Block 33 Nr.41 2010-03-04 23:54:06 6467 3154 -1351 0,3 1365 6462 3167 -1365 20 R4

Block 33 Nr.42 2010-03-09 18:14:59 6363 3275 -692 1,3 990 6188 3422 -999 383 R3

Block 33 Nr.45 2010-06-16 18:07:18 6284 3414 -868 1,4 964 6675 3472 -955 405 R3

Block 33 Nr.49 2010-08-11 20:33:54 6241 3386 -991 0,7 993 6247 3402 -995 18 R3

Block 33 Nr.50 2010-08-19 14:53:44 6232 3375 -1020 1,6 964 6239 3362 -964 58 R4

Block 33 Nr.52 2010-10-01 15:06:18 6277 3522 -1004 0,3 1004 6251 3523 -964 48 R3
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Appendix 1.4 Damage data Block 37 

Table A5: Compiled seismic event and damage data in Block 37 

 
 

 

 

 

 

 

 

 

  

Event ID Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

class 

Block 37 Nr.1 2009-04-19 09:57:24 6303 3477 -1047 0,9 1045 6376 3752 -1045 285 R3

Block 37 Nr.10 2009-12-20 15:48:35 6680 3706 -1071 0,5 1060 6710 3684 -1070 37 R4

Block 37 Nr.13 2010-02-13 01:47:34 6513 3490 -883 -1,1 993 6407 3610 -993 194 R4

Block 37 Nr.14 2010-02-13 01:43:27 6420 3505 -925 0,7 1060 6409 3560 -993 88 R3

Block 37 Nr.15 2010-02-23 18:32:38 6401 3587 -946 0,9 964 6389 3598 -964 24 R4

Block 37 Nr.17 2010-03-18 05:27:57 6315 3617 -948 -1,8 964 6401 3700 -964 121 R2

Block 37 Nr.21 2010-04-05 11:09:28 6347 3530 -928 1,6 935 6373 3486 -935 52 R3

Block 37 Nr.22 2010-04-05 11:09:28 6347 3530 -928 1,6 964 6365 3592 -964 74 R4

Block 37 Nr.23 2010-04-05 11:09:28 6347 3530 -928 1,6 993 6388 3515 -993 78 R4

Block 37 Nr.23 2010-04-05 11:09:28 6347 3530 -928 1,6 993 6391 3557 -993 83 R4

Block 37 Nr.23 2010-04-05 11:09:28 6347 3530 -928 1,6 993 6385 3551 -993 78 R4

Block 37 Nr.23 2010-04-05 11:09:28 6347 3530 -928 1,6 993 6386 3571 -993 86 R4

Block 37 Nr.25 2010-04-30 01:23:53 6187 3593 -973 1,2 993 6184 3603 -974 10 R4

Block 37 Nr.25 2010-04-30 01:23:53 6187 3593 -973 1,2 993 6184 3603 -974 10 R4

Block 37 Nr.26 2010-05-16 02:48:19 6263 3532 -955 0,5 964 6257 3526 -964 12 R3
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Appendix 1.5 Damage data Block 40 

Table A6: Compiled seismic event and damage data in Block 40 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

Event ID Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

class 

Block 40 Nr.2 2009-01-30 14:26:35 6302 4056 -944 0,2 907 6345 4062 -907 57 R4

Block 40 Nr.3 2009-01-30 14:47:23 6325 4054 -903 -1,5 910 6345 4062 -907 22 R4

Block 40 Nr.5 2009-09-12 06:18:43 6401 4020 -1034 -1,7 1045 6420 4065 -1045 50 R3

Block 40 Nr.7 2010-01-20 01:44:12 6434 4002 -1001 1,8 1020 6410 4015 -1021 34 R2

Block 40 Nr.7 2010-01-20 01:44:12 6434 4002 -1001 1,8 1020 6405 3978 -1020 42 R2

Block 40 Nr.8 2010-01-23 11:29:33 6255 4050 -1072 0,9 1070 6263 4045 -1045 28 R3
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Appendix 1.6 Damage data Block 45 

Table A7: Compiled seismic event and damage data in Block 45 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

Event ID Date Time X Y Z
Mag 

[ML]

Level 

[m]
Xd Yd Zd

Distance 

[m]

Damage 

class 

Block 45 Nr.4 2009-02-14 17:36:26 6259 4391 -922 -0,3 910 6300 4418 -907 51 R3

Block 45 Nr.6 2009-11-12 08:52:28 6527 4245 -979 0,4 993 6536 4249 -993 17 R3
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Appendix 2.0 Location errors 

Table A8: Average Location Errors based on test blasts 2008-2010 
Block No. 2008-2009 Av. Error (m) 2010 Av. Error (m) 

9 91 28 

12 34 38 

16 61 24 

19 15  

25 16 30 

28 14 14 

33 20 20 

37 31 11 

40 33 10 

45 37 30 
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Appendix 3.0 EVP, Excavation span 

 
Figure A.1: Excavation span  
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Appendix 3.1 EVP, Ground support capacity 

 
Figure A.2: Ground Support Capacity (E2) 
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Appendix 3.2 EVP, Geological structures 

 
Figure A.3: Geological structures (E4) 

 


