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Abstract 

LKAB’s underground mine in Kiirunavaara has experienced an increasing seismic activity the 

last ten years. This seismic activity is caused by the stress redistribution resulting from the 

mining method of large-scale sublevel caving. 

The energy from the seismic events propagate in the rock mass as seismic waves. If one of 

these waves interacts with an excavation, it will be subjected to dynamic loads, and damage 

can potentially occur. Damage can be caused by different mechanisms depending on many 

factors such as pre-existing structures in the rock mass and the state of stress. To prevent 

these damages, LKAB has installed a rock support system for handling dynamic loads.  

This thesis has analysed available damage mapping reports, investigations, pictures, seismic 

data and history, in order to evaluate the function of the support system when subjected to 

dynamic loads. The conclusion of the analysis is that the support system is well designed, but 

there are areas of improvement. The main damage mechanisms are bulking without ejection 

and rockfall due to seismic shaking. Bulking with ejection and ejection due to seismic energy 

transfer were concluded to not yet be a problem in the Kiirunavaara mine. This result implies 

that an improved stiffness, static strength and yieldability are to be considered in order to 

decrease the amount of bulking. For rockfall due to seismic shaking, there are two main areas 

of improvement. The structural mapping has to be given higher priority, and it should provide 

direct support recommendations if needed. The second part is to increase the static strength 

of the system in order to survive rockfall due to seismic shaking. Since bulking with ejection 

and ejection due to seismic energy transfer are not yet considered significant problems, there 

is no need to improve the support system with respect to absorption of kinetic energy.  

The location of the damages in the drift profiles were also analysed, and it was concluded that 

a majority of the damages that occurred in the footwall drifts were located in the corner of the 

abutment facing the orebody. In the crosscuts, a majority of the damages occurred in the 

abutment and roof. Based on this, it is suggested that the support should be improved in the 

abutment and roof of the crosscuts, and in the abutment facing the ore of the footwall drifts. 

Keywords: Seismicity, Rockburst, Damage mechanism, Bulking, Rockfall due to seismic shaking, 

Ejection 
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Sammanfattning 

Vid LKAB’s underjordsgruva i Kiirunavaara har man de senaste tio åren upplevt en ökande 

seismisk aktivitet. Denna seismiska aktivitet är i grunden orsakad av de spänningsomlagringar 

som medförs av brytningsmetoden med storskalig skivrasbrytning. 

Energin från seismiska händelser propagerar i bergmassan som seismiska vågor.  Om någon av 

dessa vågor interagerar med ett hålrum, så belastas hålrummet dynamiskt, och skador kan 

inträffa. Skadorna sker genom olika brottmekanismer beroende på vilken typ av våg som 

träffar hålrummet samt ett antal andra faktorer som exempelvis vågrörelsens infallsvinkel, 

geologiska strukturer etc. För att förhindra dessa skador har LKAB installerat förstärkning 

anpassad för dynamiska laster.  

I detta examensarbete har tidigare skadekarteringar, utfallsrapporter, foton och seismisk 

historik analyserats för att utvärdera förstärkningssystemets funktion. 

Slutsatsen av analyserna är att förstärkningen överlag fungerar väl, men att det finns en del 

förbättringsområden. Skademekanismerna är i huvudsak svällning och utfall orsakade av 

skakning. Utstötning bedöms inte vara ett problem i Kiirunavaara ännu. Dessa resultat innebär 

att en förstärkning som klarar högre statiska laster i kombination med stor töjning är att 

föredra, för att minska omfattningen av svällning.  

För skakning finns det två huvudsakliga förbättringsområden. Det första är en högre prioritet 

av strukturkartering, samt direkt anpassning av förstärkningssystemet efter resultaten från 

karteringen. Den andra är att öka den statiska hållfastheten hos systemet för att klara 

skakning. Eftersom utstötning inte anses vara ett stort problem, finns det inte anledning att 

förbättra förstärkningssystemet med avseende på energiupptagande förmåga.  

När läget på skadorna i ortprofilen analyserades, konstaterades att majoriteten av skadorna i 

fältortarna uppkommer i den del av anfanget som gränsar mot malmkroppen.  Majoriteten av 

skadorna i tvärortar uppkom i anfang och tak.  

Utifrån detta kan slutsatsen dras att förstärkningen i huvudsak skall förbättras i anfanget som 

gränsar mot malmen i fältortar, samt i tak och anfang i tvärortar.  
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List of symbols and abbreviations 

𝐶𝑝  = P-wave velocity 

𝐶𝑠   = S-wave velocity 

𝜌  = Density 

𝑣  = Poisson’s ratio 

𝑅  = Distance to source 

𝐶  = Constant depending on the stress-drop at source 

a   = Constant  

𝑀0  = Seismic moment 

𝑃  = Seismic potency  

𝐸  = Seismic energy 

∆𝜎  = Stress drop at source 

𝑃𝑃𝑉  = Peak Particle Velocity 

𝑃𝐺𝑉  = Peak Ground Velocity 

𝑃𝑃𝐴  = Peak Particle Acceleration 

𝐸𝐷𝑍  = Excavation Disturbed Zone 

𝑅𝐿𝑖𝑚𝑖𝑡  = Limit for near-field ground motion 

𝜎𝑑
𝑚𝑎𝑥   = Dynamic stress increment 

𝐸𝑠  = S-wave energy 

𝐸𝑝  = P-wave energy 

𝑀𝑛  = Nuttli magnitude scale 

𝑀𝐿  = LKAB Local magnitude scale 

𝜎𝑥 and 𝜎𝑦  = Secondary stress perpendicular to the drift 

𝜎1,2 𝑎𝑛𝑑 3  = Mining induced principal stresses 

𝜎𝑚𝑎𝑥  = Maximum boundary stress of a circular excavation 

𝜎𝛿𝑚𝑎𝑥  = Maximum boundary stress along the axis of a circular excavation 

UCS  = Uniaxial compressive strength 



  vii 
 

𝜎𝑐 = Peak uniaxial strength of a laboratory sample of NX-core (Core 

with 54 mm diameter) 

𝑑𝑓  = Depth of failure  

𝑢𝑤𝑎𝑙𝑙   = Maximum displacement at wall 

𝐵𝐹  = Bulking factor 

∆  = Maximum thickness of baggage around an excavation 

𝑓  = Frequency in hertz 

𝜎𝑡  = Tensile strength 

𝑑𝑢𝑙𝑡  = Ultimate displacement capacity of the support 

𝑆𝐹  = Safety factor 

𝑚𝑑  = Dynamic strength multiplier 

𝑊𝑘  = Kinetic energy 

𝑣𝑒  = Ejection velocity 
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1. Introduction 

Luossavaara-Kiirunavaara AB (LKAB) is a mining company, which owns and operates two 

underground and three open pit mines in northern Sweden. The first mining processes started 

for over 100 years ago in Kiirunavaara, where a large underground mine is located today. In 

2015, the company produced 27 MT crude ore, in Kiirunavaara mine. 

The haulage level, the deepest area of the production line from which the ore is transported 

and skipped up to surface, is today situated at 1365 meters. The production takes place today 

around 1000 meters. The production commences in a vertical direction, which implies an 

increasing production depth over time. Due to the increasing production depth, in 

combination with high stress concentrations at the production level, an increased intensity 

and size of seismic events in the underground mine is observed and the Kiirunavaara mine is 

thereby considered as a seismically active mine. 

The increased intensity of the seismic events creates a need of functional rock support for 

dynamical loads, in order to prevent personal injuries and disturbances in the production. 

In Kiirunavaara underground mine, rock support for dynamical loads has been installed 

systematically since 2008. The support system is designed based on analysis as well as 

practices from other seismically active mines around the world. The support system consists of 

rock bolts built to absorb large amounts of kinetic energy, welded steel mesh and steel fibre 

reinforced shotcrete. 

Since the dimensioning and design of this system is based on simplifications, its effectiveness 

has to be verified in field. 

1.1 Objective 

The objective of this thesis is to evaluate the function of the rock support for dynamical loads 

in field, and verify its effectiveness. Observed failure modes will be described, a back analysis 

and comparison with the design criteria will be performed for a number of failures.  

The outcome of the thesis will be a description of the weaknesses of the support system and 

recommendations in which way the system may be improved and optimized. 

1.2 Delimitations 

In this thesis, rock support subjected to dynamical loads will be the support system evaluated. 

Static stress induced damages are therefore neglected. The work will only focus on seismically 

induced damages.   

 Only seismically induced failures of the support system are included in the analysis. 

 The analysis is restricted to the Kiirunavaara mine. 

 The analysis is restricted to the crosscuts, footwall drifts and access drifts in production 

areas.  

 The time span for the investigation is limited from 2011-03-01 until 2015-12-31 as 

there are better documented damage reports and a well-established seismic events 

database.
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 Damages that were connected to events smaller than the local magnitude 0.4 are 

neglected, since the uncertainty that the damage is being connected to the correct 

event increases when the magnitudes decrease.   

 Events smaller than magnitude 0.4 were sorted out from the seismic events database, 

in order to easier filter out events of relevant size. 

 In some cases, pictures of damages are found while the location is not clarified. If no 

clues were given about the location, the damage was sorted out from the study. This 

was also done if a sufficient amount of data was not found for the damage. 

1.3 Method 

A literary review for design of support for dynamical loads and different types of such systems 

was conducted. This was followed with a gathering of information from damage mappings, 

seismic data, fallout reports and photos. During the gathering of data, damages with 

insufficient data were sorted out. The remaining damages were further processed by a 

compilation, where important data was listed and interpreted. This data was analysed, from 

which a conclusion was drawn.  

During the compilation of data, the following was noted: 

 Location of damage, in the drift profile. 

 Location of damage, relative to the local coordinate system. 

 Location of damage, with respect to the excavation type. 

 Damage level, RDS (Rockburst Damage Scale). 

 Support details: Bolt type, bolt spacing, thickness of shotcrete, mesh. 

 Seismic data: Date, Time, Magnitude, Seismic moment, Total radiated energy, Residual, 

Max displacement at source, Es/Ep ratio, Static stress drop, Source radius, S-wave 

corner frequency, Sensors hit, Sensors used, Location. 

 Number of bolts in failure. 

 Production level. 

 Geological conditions: At damage, and in near field area. 

Local stresses were estimated by using a global model, by Mäkitaavola (2011). The stress was 

later verified by Sjöberg (2012).  

When the raw data was collected, an analysis of the data was conducted. This was done by 

processing damages for each event, separately. The analysis resulted in the following: 

 Maximum static stress (σmax) on the boundary to the excavation. 

 
σmax

σc
 ratio. 

 Distance between damage and source. 

 PPV at damage, according to Kaiser et al. (1996) and IMS (2012). 

 Dynamic stress increment at damage site. 

 Damage mechanism. 

 Calculations of different parameters affecting the damage if needed. 
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 Discussion how the damage could have occurred, and why. 

After analysing all damages, conclusions were drawn. 

1.4 Sources of error 

 The seismic data used in this thesis comes from LKAB’s database for seismic events. All 

of these events are not manually processed; this implies that there is an uncertainty 

regarding determining the exact location of the seismic events. Even if the data is 

processed manually, it could sometimes be very hard to determine the location, and 

the precision could vary from a meter up to hundreds of meters depending on the 

case. The location of the seismic source is also determined as a point, which is rarely 

the case. When fault slips or shear ruptures occur, the rupture plane could be very 

large, up to hundreds or thousands of square meters in mining environments. 

 

 The stresses used in this thesis are taken from an elastic 3D model built by using the 

software Map3D – Fault slip (2011). Due to the elastic behaviour of the model, the 

stresses could sometimes vary a lot compared to the real world. To prevent large 

errors, the stresses from Map3D were compared to that from Sjöberg (2012), to check 

its accuracy. If the stresses or its direction varied too much for example very close to 

the excavation where the stresses get extremely high due to the lack of plasticity in the 

model, they were taken from Sjöberg (2012) instead. 

 

 The equations used to calculate PPV and dynamic stress increment are applicable to 

the far-field problem in which the damage is far from the source. If the damage is 

located near the source, this type of problem should be classified as a “near-field” 

problem. A “near-field” problem implies that conventional PPV and dynamic stress 

increment formulations are not valid due to complex radiation patterns close to the 

source. As there is less literature on near-field problem, the equations applicable to 

calculate PPV and dynamic stress increment at far-field are used for all damages. 

 

 For some events damages were found, but only some of the damages were 

photographed. Some damages were photographed, but at an unknown location. No 

analysis was conducted for these damages. Since these damages are not accounted 

for, there might be important data missing in the results. 
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2 Description of the Kiirunavaara mine 

2.1 The Kiirunavaara mine 

The mining method used in the Kiirunavaara mine is large-scale sublevel caving. The method is 

a caving method, which implies that the overlying waste rock is allowed to cave into the voids 

left after mucking the ore. The blast holes are drilled up to the overlying production level, 

which causes the previously caved rock material to flow down together with the blasted ore 

and fill the excavation (Wimmer, 2007). The process of sublevel caving is illustrated in Figure 

2:1. 

In the Kiirunavaara mine a haulage level and sublevels is developed, ore passes are drilled. The 

production can proceed while development is ongoing, as long as the basic infrastructure, 

such as ore passes, haulage level and some sublevels, is finished. The ore is blasted, mucked 

and loaded into the ore passes. Mucking proceeds until the ratio of waste rock in the bucket 

for the process to be profitable. 

This mining method allows a high production rate, to a low cost compared to other 

alternatives such as stoping methods. The disadvantages include large-scale redistribution of 

rock stress, which can cause seismicity, and relatively high ore losses compared to other 

mining methods. The high ore losses are due to ineffective gravity flow, where the ore and 

caving rock is mixed, resulting in large quantities of ore being left inside of the caving rock 

masses (Wimmer, 2015). 

After the ore is mined, it is hoisted to the surface and processed to, primarily, iron ore pellets, 

which is LKAB’s main product. 

 

 Figure 2:1 - Description of sublevel caving (Hamrin, 1982). 
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The Kiirunavaara mine consists of one large orebody with a length of approximately 4000 

meters and an average width of 80 meters, dipping 60 degrees towards the east. The active 

production levels are today between 993 and 1051 meters below the old peak of Kiirunavaara.  

A vertical cross-section of the orebody is illustrated in Figure 2:2. The current haulage level, at 

1365 m, is marked in red. The haulage level is also schematically illustrated in Figure 2:3, as 

well as the division between the main ore and lake ore. 

 

Figure 2:2- Vertical cross section of the Kiirunavaara mine (LKAB, 2016). 
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Figure 2:3 – Infrastructure at the main haulage level 1365 m in which the lake ore and the main ore are defined (LKAB,2016). 

2.2 Geology 

The ore primarily consists of rich magnetite, which is surrounded mainly by metarhyodacite 

and metatrachyandesite as described in Figure 2:4.  

Internally, LKAB uses a different classification, depending on their mechanical and geological 

properties, which is listed in Table 2.2.1. In the table, some basic mechanical properties of the 

different rock types are shown. The internal LKAB abbreviation of the rock type is given in the 

column “Term”.  
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Figure 2:4 - Geological map of the mine and its surroundings (Bergman et al., 2001). 

Table 2.2.1 - Mechanical properties for specific rock types (Sjöberg et al., 2001).  

Rock type Term Density   

[kg/m3 

Compressive 

strength [MPa] 

Tensile strength 

[MPa] 

Trachyandesite SP1 2800 300 10 

Trachyte/amygloid SP3 2800 210 11 

Trachyte and porphyry SP4 2800 430 12 

Weathered trachyte SP5 2800 90 10 

Rhyodacite QP 2700 184 12 

Magnetite ORE 4700 133 10 
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2.3 The principal stresses 

Sandström (2003) formulated a relationship for the virgin stress state around the Kiirunavaara 

mine. Since the formulation is referenced to meters below the ground surface, it was adapted 

by Svartsjaern (2015) to make the stresses equal to zero at the footwall crest level. 

Table 2.3.1 - Virgin stress state according to Sandström (2003) and adapted by Svartsjaern et al., (2015).  

𝛔𝑯 = 𝛔𝒆𝒘[𝐌𝐏𝐚]  𝛔𝒉 =  𝛔𝒏𝒔[𝐌𝐏𝐚] 𝛔𝒗[𝐌𝐏𝐚] 

2.22+0.037z 1.74+0.029z 1.68+0.028z 

Note: The variable z is refereeing to the depth (unit: meter), in the local coordinate system. 

The caved rock left after mucking has much lower stiffness than the original rock mass. 

Accordingly, the in-situ stresses are redistributed, causing stress concentrations below the 

mining front. In Figure 2:5, the contour of the major principal stress 𝜎1 is plotted together with 

the stress trajectories, which show the general direction of principal stresses. The highest 

stress concentration occurs close to the production level, after which it decreases with 

increasing depth. This is a schematic model, showing the magnitude of the major principal 

stress and stress trajectories, to describe the stress conditions near the production level in the 

Kiirunavaara mine. This model was only created for illustrational purposes. 

 

Figure 2:5 – Principal stress and stress trajectories near the production level in Kiirunavaara mine.  

Note: The white area represents the excavated ore. The colours represent the stress level at different locations, where dark 

blue area represents the lowest stresses and green marks the highest stresses. The lines mark the orientation of stress 

trajectories. 

As the production is moving deeper, the state of stress at a given location in the mine changes 

continuously. In Figure 2:6, the orientation of the major principal stress is drawn for five cuts 

named A to E. The cuts are chosen in the footwall close to the ore boundary, at different 

depths, and illustrate the rotation of the principal stresses.  

For cuts D and E, the stress trajectories are similar. In cut C, just above the production level, 

the stresses have started rotating. In Cut B, the majority of the rotation has taken place. This 

phenomenon was also presented by Sjöberg (2012), where numerical analyses were 

conducted in order to determine the mining induced stresses. In Figure 2:7, stresses at the 

footwall contact are plotted against the distance below the production level. 
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Figure 2:6 - The major principal stress and stress trajectories illustrated.  

Note: The principal stresses orientation is drawn for 5 cuts, named A-E, and is shown to the right in the figure. 

 

Figure 2:7 - Major principal stress and its direction relative to the horizontal plane. Data was taken from Sjöberg (2012).   
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3 Seismic events 

A sudden release of energy in the ground, which is associated with radiation of seismic wave, 

is called a seismic event. These could be naturally induced by plate tectonics, or caused 

artificially by mining or other activities that are disturbing the equilibrium of stresses in the 

crust/bedrock. When a seismic event occurs, the released energy is transmitted as seismic 

waves and heat. 

3.1 Seismic waves 

The rock mass, considered as an isotropic and elastic medium, lies in a state where all particles 

are in equilibrium. If there is a change in this equilibrium, for example when a particle is 

pushed in one direction by a seismic event, the particle will hit another particle that will be 

pushed in the same direction at the same time as the first particle is repelling. A chain reaction 

is occurring and a longitudinal wave is generated. This wave is also called a compressional 

wave, pressure wave or P-wave. The energy of the first disturbance (push) is transferred, but 

no material, since the particles are moving back to the equilibrium in the initial elastic state. 

The speed of the P-wave, 𝐶𝑝, can be described with the following expression (Das, 1993): 

𝐶𝑝 = [
𝐸(1−𝑣)

𝜌(1+𝑣)(1−2𝑣)
]

1/2

 ,                                                                                       Eq 3.2.1 

where E is Young’s modulus, v is Poisson’s ratio and 𝜌 is the density of the material.   

Between the particles in a solid material, such as rock, there is a shear resistance. This 

resistance allows a secondary transversal wave to propagate, which is also called shear wave 

or S-wave. The S-wave cannot propagate in liquids and gases, due to lack of shear resistance 

for these types of media. The velocity of the S-wave can be described by the following 

relationship (Das, 1993): 

𝐶𝑠 = [
𝐸

2𝜌(1+𝑣)
]

1/2

,                Eq 3.2.2 

where 𝐶𝑠 is the shear wave velocity. The velocity of the p-wave is always higher than for the s-

wave. 

If a free surface is existing in the body exposed for waves, surface waves can be generated in 

addition to P- and S-waves (Kolsky, 1963). There are three types of surface waves: Rayleigh 

waves, which is the most destructible type of wave for buildings, Love waves and Stoneley 

waves. 

3.2 Radiation pattern 

The radiation pattern of the waves generated by a seismic event is rather complicated. Due to 

influencing factors such as the source mechanism, the radiation pattern may vary a lot. The 

basics of moment tensors and the translations to source mechanisms and radiation patterns 

are briefly described, in order to create an understanding of the underlying mathematics and 

mechanisms. 
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To describe movements in the rockmass from a seismic event, moment tensors are often 

used. The moment tensor consists of 9 components which are derived from the rigidity, 

average slip, and fault area, combined with Green’s function and Taylor series expansion. 

When integrating the moment tensor rate over time, Mij, the traditional moment tensor is 

obtained, see Eq 3.2.1, which is describing the magnitude of a force couple, see Figure 3:1 

(Anthony, 2011).  

 

 

Figure 3:1 - The 𝑀𝑖𝑗 matrix, described in double-couple forces (Aki and Richards, 2002). 

The moment tensor can be decomposed into three types of sources: Isotropic, Double-couple 

and Compensated Linear Vector Dipole (CLVD) (Julian, Miller and Foulger, 1998). In Figure 3:2 , 

each type is illustrated together with its equivalent force systems, moment tensors and 

radiation patterns. Shortly, the isotropic source is of explosive type, the double-couple is of 

fault-slip type and the compensated linear vector dipole is of a more complex type which is 

described in Figure 3:3. 

Eq 3.2.1 
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Figure 3:2 - Three types of sources illustrated; isotropic, double couple and compensated linear vector dipole (Julian, Miller and 

Foulger, 1998). 

When it is understood how the moment tensor can be described by its components and force 

system, and how it translates into a radiation pattern, other types of source mechanisms can 

be described by considering the acting force system. In Figure 3:3, two types of mine-induced 

tremors are described by their mechanisms and resulting radiation patterns. 

 

 

Figure 3:3 - Two different source mechanisms, by Hasegawa et al., (1989) and corresponding radiation patterns, by Šílený and 

Milev (2008). Compression is shown in red, and dilation in blue.  

3.3 Scaling law and PPV 

Peak particle velocity (PPV), or Peak ground velocity (PGV), describes the maximum 

instantaneous particle velocity caused by a seismic event at a given location. 

The particle velocity at a given point is strongly dependent on the distance to the seismic 

source. Therefore, a relationship is needed to calculate the peak particle velocity at a certain 

distance from a seismic source. There are numerous variants of the scaling laws, and use of 

variables and constants. McGarr (1984) proposed the following scaling law, based on Andrew 

(1975): 

log(𝑅𝑏𝑣) = 𝑎 ∗ log(𝑀0) + log (𝐶),                                       Eq 3.3a 
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where R is the distance to the source, C is a constant depending on the stress drop at source,  

𝑀0  is the seismic moment, a and b is a constant determined by regression analysis of seismic 

data obtained from the mine.  

After he found the strong influence of the seismic moment, he also suggested that b could be 

set to 1, which generated the well-used variant of Eq 3.3b: 

𝑝𝑝𝑣 = 𝐶 ∗
𝑀0

𝑎∗

𝑅
,                                        Eq 3.3b 

In 2012, C. du Toit, D. Malovichko & A. J. Mendecki, wrote a relationship between different 

source parameters and the PPV. This relationship is preferred since they calibrated especially 

for the Kiirunavaara mine, compared to the other relationships that are calibrated based on 

data from all over the world or in other specific locations. 

The relationships vary between different areas in the mine. In this report, the formulation 

given in Eq 3.3c is used.  

𝑃 = 𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝑝𝑜𝑡𝑒𝑛𝑐𝑦  

𝐸 = 𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦  

log(𝑃𝐺𝑉) = 0.43 log(𝐸) − 1.85 log (𝑅 + 5.0𝑃
1

3) − 0.69                                      Eq 3.3c 

3.4 Amplification of PPV 

The rock mass surrounding an excavation, which is created by blasting, is normally damaged. 

This zone, also called the Excavation Disturbed Zone or EDZ, contains radial cracks spreading 

from the boundary of the excavation. In this area, the rock mass strength is reduced due to 

the increased amount of fractures. 

According to Malmgren et al., (2006), the EDZ around drifts in the Kiirunavaara mine reaches 

about 0.5 to 1 meters into the rock mass.  

Potvin et al., (2010) mentions the uncertainties in designing by the PPV formulations, since 

they do not consider amplification of the PPV. This amplification is caused by the loose rock 

around the excavation (EDZ), and the size of the amplification is depending on the frequency 

of the incoming wave, the thickness of the EDZ and the reflection of the wave from the 

excavation. The amplification is also caused by momentum transferring from large blocks to 

smaller blocks, according to Kaiser et al. (1996). 

The EDZ thickness varies a lot depending on which mine considered. In many mines in 

Western Australia, the EDZ zone is often around 1 meter, and at a maximum 2 meters deep. 

This thickness could cause an amplification with a factor up to 2. It is also possible for stored 

strain energy in the boundary to be released by the incoming wave and thereby increase the 

amplification, up to a factor 4 (Kaiser et al., 1996).  

The mechanism behind amplification is a subject which is not yet fully understood, and 

therefore needs more research. 
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3.5 PPV in near-field 

Most of the PPV formulations used today are not applicable to near-field ground motion. Two 

of the reasons are the complex radiation pattern close to the source, and the fact that these 

formulations is built by observations far from the source. Therefore, calculations of PPV close 

to the source are often not performed. A recommended limit for when a problem should be 

considered near-field is between 5 and 10 meters for an event of Nuttli magnitude 1.5 (Kaiser 

et al., 1996). 

This is, however, only a general rule-of-thumb. If more exact numbers are needed, the 

distance can be calculated with Eq 3.5a. 

𝑅𝐿𝑖𝑚𝑖𝑡 = 1.5 (
𝑀0

∆𝜎
)

1/3

,                                                               Eq 3.5a 

where 𝑅𝐿𝑖𝑚𝑖𝑡 is the minimum distance where the PPV can be obtained using a scaling-law, 𝑀0 

is the seismic moment, and ∆𝜎 is the stress drop at source (Stein and Wysession, 2003).  

3.6 Local magnitude scale  

There are various methods to describe the intensity of a seismic event. The most common way 

is to describe it by a magnitude scale, which describes the magnitude in a logarithmic order.  

To calculate the magnitude, several parameters are often needed. In the Richter scale, the 

amplitude and epicentral distance are used (Richter and Gutenberg, 1956). The Richter scale is 

often seen as an outdated magnitude scale in scientific matters, and the moment magnitude 

scale has increasingly become used for describing bigger seismic events. The moment 

magnitude scale only considers the seismic moment, which is a factor depending on the shear 

modulus, area of rupture and distance of displacement. In LKAB’s mines, a local magnitude 

scale is used, which is also used in many other mines in the world. It is calculated as: 

𝑀𝐿 = 0.272𝑙𝑜𝑔𝐸 + 0.392𝐿𝑜𝑔𝑀0 − 4.63 ,                                                             Eq 3.8a 

where E is the seismic energy, which is the energy released at the source.  

In many other mines in the world, the Nuttli magnitude scale is used to quantify the sizes of 

seismic events. This can be calculated by equation 3.8b. 

𝑀𝑛 = 𝑙𝑜𝑔𝐸 + 1 − 𝐿𝑜𝑔∆𝜎(±0.15),  (Kaiser et al., 1996)            Eq. 3.8b     

where ∆𝜎 is the stress drop at the source, which is a parameter which describes the decrease 

in stress, at the source, after the seismic event. 

3.7 Dynamic stress increment 

Kaiser et al. (1996) describe the dynamic stress increment on the boundary of an excavation, 

due to seismic waves. The maximum dynamic stress increment is given by Eq 3.8c, for circular 

excavations when the dominant wavelength of the seismic waves is about 10 times longer 

than the excavation width (Kaiser et al., 1996).  

𝜎𝑑
𝑚𝑎𝑥 = 4 ∗ 𝑐𝑠 ∗ 𝜌 ∗ (𝑃𝑃𝑉)𝑠 ,  (Kaiser et al., 1996)                          Eq 3.8c
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where 𝜎𝑑
𝑚𝑎𝑥  is the dynamic stress increment on the boundary, (PPV)s is the peak particle 

velocity of the shear-wave, 𝜌 is the density of the rockmass, and 𝑐𝑠 is the shear wave velocity 

which is approximately 3500 m/s for the Kiirunavaara mine, according to calibration (Sturk, 

2015a). 

3.8 Es-Ep ratio 

According to Gibowicz and Kijko (1994) and Gibowicz et al., (1991), the source mechanism can 

quickly be classified by calculating the ratio between the energy in the S-wave and the P-wave. 

They concluded that if this ratio exceeds 10, the mechanism is most likely of shear type and if 

the ratio is under 10, the source mechanism consists of a tensile component. The shear type 

sources are often remote, far away in the rockmass, while sources with a tensile component 

tend to occur closer to excavations. 
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4 Design of rock support for dynamic loads  

In Canadian rock burst handbook (Kaiser et al., 1996) some key concepts for the design of rock 

support systems under dynamic conditions are clarified as a result of the Canadian rock burst 

research program, which lasted between 1990 and 1995. Those relevant for this study are: 

First 

Three major mechanism related to rock burst damages are identified for Canadian mines. 

These are described in the following paragraphs.  

Bulking of the rock mass surrounding an excavation is identified as the major cause of 

damaged support systems in burst prone ground.  

Rockfall is identified as the second most common cause of damaged support systems in burst 

prone ground. 

Ejection of rock due to energy transfer from incoming seismic wave could be a common 

problem in very deep mines, such as in South Africa, but in Canadian mines it was not 

considered as a big problem at the time. 

Second 

The main factor affecting the severity of a rock burst is the thickness of the zone with 

fractured or loose rock surrounding the excavation, even though many other factors can 

contribute.  

4.1 Rock bursts and source mechanisms 

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

the rock”- A definition stated by Nordlund (2012). He also described a rock burst further. The 

source mechanism and the size of the damage are, according to the definition, not specified. 

Rock bursts are caused by seismic events. The seismic waves radiating from a seismic event 

can lead to severe damage of the rock support, or even a total collapse, at nearby excavations. 

The severity of a rock burst depends mainly on three interacting factors: the stress state, 

mining activities and the geological conditions. 

Violent rock bursts are more likely to occur in brittle rock with high strength, since the 

stronger rock can retain higher stresses than weaker rock. Higher strength implies a 

potentially higher stress release after failure, which implies more energy released and radiated 

as seismic waves. Ortlepp (1992) suggested a classification of rock burst mechanisms into 5 

types as described in Table 4.1.1. 
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Table 4.1.1- Source mechanisms (Ortlepp, 1992). 

 

The first three source mechanisms, strain bursting, buckling and pillar or face crushing, are 

similar in that the damage occurs in the same place as the seismic source, for example during 

strain bursting as is illustrated in Figure 4:1 . These types of seismic events are often of 

relatively small magnitudes, compared to the other types of events. 

  

Figure 4:1- Strain bursting: Violent spalling caused by high boundary stresses (Ortlepp, 1994). 

Strainbursting is a violent type of spalling which occurs when accumulated strain energy is 

released from the boundary of an excavation, often induced by seismic activity or an increase 

in stress. Depending on the 𝜎𝑚𝑎𝑥/𝜎𝑐 relationship, severity and depth of the damage vary.  

Buckling, as in the mechanical meaning, is when slender elements bend due to a lack of 

stiffness in a direction perpendicular to the axial load. Rock is often a more brittle material 

than for example construction steel, and therefore the buckling of rock can be vastly more 

violent than buckling of a steel rod. The failure of rock around an excavation in a buckling 

manner results in an outward expulsion of larger pre-existing slabs parallel to the opening, as 

described by Ortlepp (1992), see Figure 4:2. 
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Figure 4:2 - Buckling of stratified rock (Ortlepp, 1992). 

Pillar or face crush can occur in highly stresses areas. A sudden collapse of a pillar could lead to 

a chain effect, where other pillars become unstable and fail due to the increased stresses.  

For the last two source mechanisms, the source can be far out in the rock mass, at a large 

distance from the damage. These two are normally just associated with large-scale mining and 

plate tectonics. They are considered the most dangerous ones, due to the potential of high-

energy release. This energy is radiated as seismic waves, which can reach an excavation and 

cause damage. 

A shear rupture occurs when the shear stresses in the rock mass exceeds the shear strength, 

this causes a fracture to violently propagate through the rockmass and a small movement is 

allowed to occur.  

A fault-slip is a violent movement along an existing plane. The movement occurs when the 

shear forces exceeds the shear stiffness of the plane.  

4.2 Damage mechanisms 

The source mechanisms discussed in chapter 4.1 , are the causes of many damages occurring 

in highly stressed underground excavations all over the world. In 1996, Kaiser et al., defined 

three main damage mechanisms. These are listed and illustrated in Figure 4:3. 

 

Figure 4:3 - Illustrated damage mechanisms (Kaiser et al., 1996). 
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The first damage mechanism is rock bulking due to fracturing, which is caused by swelling of 

the rock mass. This swelling is occurring due to fracturing in the rock, which causes a 

volumetric expansion. The fracturing is triggered by high boundary stresses, relative to the 

strength of the rock. 

The second damage mechanism is rock ejection from seismic energy transfer, which is caused 

by kinetic energy transfer in the rock mass. When the kinetic energy in a seismic wave reaches 

a block on the boundary of an excavation the block can be ejected. The ejection can be 

prevented by rock support or by confinement from neighbouring blocks. The rock support for 

ejections should therefore be designed to absorb kinetic energy. 

The third damage mechanism is seismically induced rock fall, also referred to as rockfall due to 

seismic shaking. This mechanism is caused by vibration, or in other words acceleration, in the 

rock mass due to seismic waves. When a wedge or a similar structure, which is held in place by 

bolts or friction, is exposed to acceleration a failure can be triggered. The force acting on the 

wedge is given by the relationship 𝐹 = 𝑚 ∗ 𝑎. If this force exceeds the support strength or 

friction could be exceeded which could lead to a fall out depending on size of loose rock, 

geometry of the loose rock, support etc. 

4.3 Design theory 

According to Kaiser (1996) the main objectives for a support is to: 

 “Reinforce the rock mass to strengthen it and to control bulking.” 

 “Retain broken rock to prevent fractured block failure and unravelling.” 

 “Hold fractured blocks and securely tie back the retaining elements to stable 

ground.” 

These functions are illustrated in Figure 4:4. The left side of the picture shows the reinforcing 

and arching effect of the rock bolts, which enable the rock mass to support itself. The bolts are 

clamping the rock mass, which prevents fractures to open up and propagate, thereby resisting 

the process of bulking. A holding function is also illustrated to the right, by which the bolts are 

holding loose rock from falling into the excavation. The retaining function is also illustrated to 

the right in the figure, where surface support (Mesh, shotcrete, etc,) is holding fractured rock, 

preventing unravelling, and absorbing kinetic energy from rock masses which is moving into 

the excavation. 
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Figure 4:4 - The three functions of the rockbolts; reinforcing, retaining and holding. (Kaiser et al., 1996) 

High stresses in the rock mass can cause fracturing in the rock between the bolts, which 

creates a need of using retaining elements, such as fibre reinforced shotcrete and steel mesh. 

The weakest link, the element which tend to fail first, in the rock support system is usually the 

retaining elements, so to increase the overall strength and energy absorption capacity of the 

support system, the primary approach would be to address the weak retaining elements and 

their connections to the rock bolts (Kaiser, 2012). 

“The effectiveness of a rock support system comprised of rock bolts and mesh 

depends on their capacity, but most importantly on the strength and 

capacity of the connections between the bolts and the mesh. Unfortunately, 

design procedures for rock support design focus mostly on checking how 

much load a rock bolt can carry, or how much energy the rock bolt can 

dissipate.” – Kaiser (2012) 

As Kaiser (2012) stated above, the effectiveness of the system is strongly dependent on the 

capacity of the rock bolts and the retaining element, but most importantly on how well these 

two are attached together. If the bolts and the retaining elements separate during a rock fall, 

the retaining elements are basically useless since these can no longer carry any load. There is 

an enormous capacity in the elements of support system. This must be fully utilised in order to 

achieve an effective support system, which is mainly done by ensuring good connection 

between the retaining elements and the rock bolts. 

The objective of a support system designed for rock burst loading is to sustain dynamic loads, 

while also supporting the excavation during static conditions. The support has to be able to 

absorb kinetic energy, which is highly limited during purely elastic deformation.  Therefore, 

yieldability in the rock bolts and other components of the support system are essential during 

rock burst loading.  

“Considering the modes of failure and the vast amount of energy available at 

source will show that there is no economically practical way to oppose rock 

burst damage by simply increasing the strength of the support. Yielding 

support is essential”   – Ortlepp (1992) 
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When designing the system, there are a few factors that must be considered. The system must 

be designed to prevent personal injuries and production loss, and at the same time be 

economically viable. Design values of the static and dynamic loads that the support system will 

be subjected to must therefore be determined. This requires that the seismicity in the mine is 

evaluated, in order to decide what magnitude that can be expected in future seismic events.  

Ortlepp (1992) concluded the following: 

  Powerful numerical methods are available. This should be taken advantage of when 

analysing complex problems, such as design of rock support in seismically active 

environments. 

 

 It is not possible, due to economic and practical matters, to design a completely stable 

rock support system, by only increasing the strength of the rock support. The 

yieldability of the support has to be used in order to achieve a stable design. 

 

  When designing a support system for dynamic loads, kinetic energies must be 

considered, as well as stress and strain of the components used in the support system. 

 

The design of a support system for dynamic loads may vary a lot depending on which damage 

mechanism that is expected in the area of interest. In Canada the most occurring problem is 

bulking, followed by rock falls. The least common mechanism is ejection (Kaiser, 1996). 

4.4 Design methodology 

In this chapter, the design methodology is described step-wise for each damage mechanism. 

4.4.1 Rock bulking due to fracturing 

Rock bulking is divided into two groups, bulking with ejection and bulking without ejection.  

The underlying mechanism that causes the rock to bulk is fracturing of intact rock. To achieve 

control over bulking processes in the rock mass surrounding excavations, the following goals 

have to be considered when designing the support system (Kaiser et al., 1996): 

 The rock has to be supported to suppress bulking even if the bolts may break at 

some depth. 

 Retain broken rock at the surface of the opening with tough retaining elements. 

 Survive the deformation demand placed on the support by the bulking process. 

The fracturing of the rockmass is strongly depending on the ratio 𝜎𝑚𝑎𝑥/𝜎𝑐, where 𝜎𝑚𝑎𝑥 is the 

maximum tangential stress near an excavation and 𝜎𝑐 is the peak uniaxial strength of a 

laboratory sample of NX core (core with 54 mm diameter). According to Kaiser et al. (1996) 

the risk of stress-induced fracturing around an excavation becomes apparent when 𝜎𝑚𝑎𝑥/𝜎𝑐 

exceeds a value of about 0.3 - 0.5. Barton (1994) concluded that if this ratio exceeds 0.65 

strainbursts are to be expected. 
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Kaiser et al. (1996) also states that excavations with   
𝜎𝑚𝑎𝑥

𝜎𝑐
= 0.43 ± 0.1 are meta stable, but 

could get unstable if sufficient plastic strain propagates. 

In ground affected by seismicity, a fractured zone tends to occur around excavations. This 

zone, which is called the circular fracture zone, is illustrated as a dotted circular area 

surrounding the rectangular excavation in Figure 4:5. The material in this zone is called 

baggage, and will act as a load on the support system. This zone has to be supported. The 

radius of this zone is can be estimated using Eq 4.4.1a, where ℎ is the height of the excavation 

and 𝑤 is the width. 

𝑎 =
ℎ(𝑜𝑟 𝑤)

√2
     (Kaiser et al., 1996)          Eq 4.4.1a 

The distance marked with 𝑑𝑓 is the depth of failure, which is the depth at the deepest 

fracturing would reach during bulking. 

 

Figure 4:5- Circular fracture zone and depth of failure around a rectangular opening (Kaiser et al., 1996). 

In order to design a support system for stabilizing bulking prone ground, the maximum wall 

displacement has to be determined. 

This is done by first calculating the depth of failure using Eq 4.4.1b: 

𝑑𝑓

𝑎
= 1.34

𝜎𝑚𝑎𝑥

𝜎𝑐
− 0.57(±0.05),  (Kaiser et al., 1996)                    Eq 4.4.1b  

where 𝑎 is the radius of the circular fracture zone, 𝜎𝑚𝑎𝑥 is the maximum boundary stress, and 

𝜎𝑐 is the uniaxial compressive strength. 

When the depth of failure is calculated, it is used together with the thickness of the baggage ∆ 

at the specified point of interest, and the bulking factor BF, to calculate the displacement of 

the wall.  

𝑢𝑤𝑎𝑙𝑙 = 𝐵𝐹(∆ + 𝑑𝑓),   (Kaiser et al., 1996)                   Eq 4.4.1c    

where 𝑢𝑤𝑎𝑙𝑙  is the maximum displacement of the wall. 

The bulking factor is depending on the load capacity of the support system. In Table 4.4.1, 

recommended bulking factors are listed for design with different support setups and locations. 
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Table 4.4.1- Recommended bulking factors (Kaiser et al., 1996).  

 

The relationship is presented graphically for different combinations of support, uniaxial 

strength and acting stresses in Figure 4:6. The effectiveness of reinforcement for controlling 

bulking is apparent. With this chart, an approximate type of support system can be chosen. 

 

Figure 4:6 - Relationship between stress, UCS, wall displacement and support system, from Kaiser et al. (1996). 

To conclude the design methodology to prevent rock bulking, the support system can be 

designed by choosing a type of support and calculating the probable deformation. If the 

deformation is larger than the displacement capacity of the chosen support system, a different 

support has to be selected. The design procedure should be done in the following order: 
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 Determine the boundary stresses at the area of interest (𝜎𝑚𝑎𝑥). This could be done by 

using analytical solutions for simple geometries or numerical modelling for more 

complex profiles. 

 Determine the uniaxial compressive strength at the area of interest ( 𝜎𝑐) . 

 Calculate the ratio 𝜎𝑚𝑎𝑥/𝜎𝑐 

o If the ratio is between 0.3 - 0.5, there is an apparent risk of spalling 

o If the ratio exceeds 0.65, strainbursts are to be expected. 

o Conclude if there is a risk of spalling or strainbursting. If there is, actions have to 

be taken. See next step. 

 Iterate:  

o Calculate maximum wall displacement by using Eq 4.4.1c. The bulking factor 

can be obtained from Table 4.4.1. 

o Choose an appropriate support which can sustain the calculated deformations, 

forces and energies displayed in Table 4.5.1. 

This design method has only considered the loading capacity and the displacement capacity of 

the rock bolts. Even if the bolts are stable in the axial direction, the bolts can still be sheared 

off.  

4.4.2 Rockfall due to seismic shaking 

A rockfall due to seismic shaking is a fall of ground caused by seismic movement. The forces 

involved in the failure are mainly gravitational, and the seismic wave just triggers the failure. If 

a stress wave with a low frequency component (10-30 Hz) passes an excavation, it can lead to 

accelerations large enough to cause forces which break the support. As mentioned, this force 

can act in the same direction as the gravitational force component, which could lead to 

relatively low accelerations causing damage. When the rock mass is accelerated upward, the 

support has to be able to resist the forces from the loose rock which is primarily held by the 

bolts. The force is described by Eq 4.4.2a. 

 𝐹 = 𝑚 ∗ 𝑎                                                             Eq 4.4.2a 

Where F is the force acting on the support, m is the mass of the loose rock and a is the peak 

particle acceleration. 

If the load capacity is reached, the support also has to be able to absorb the kinetic energy of 

the blocks it is holding, in order to prevent complete failure of the support system (Kaiser et 

al., 1996). 

When designing a support system against seismically induced rock falls, two main factors have 

to be considered: the trigger limit, which describes how well the support system prevents 

rockfalls to be initiated, and the survival limit, which describes the ability of the support 

system to absorb kinetic energy. 

Most of the design for dynamic loads is based on the PPV, but for seismically induced rockfall 

the acceleration is of more importance. Therefore, the Peak Particle Acceleration (PPA) is 

calculated by using equation 4.4.2b (Kaiser et al., 1996). 



26  CHAPTER 4. Design of rock support for dynamic loads 

 
 

𝑝𝑝𝑎 = 2𝜋 𝑓 𝑝𝑝𝑣                                                            Eq 4.4.2b 

According to Kaiser et al. (1996), the normal frequency that causes damage is in the range of 

10 – 30 Hz. In 1993, McGarr reported accelerations in the order of 15 times gravity.  

Kaiser et al. (1996) suggested the following method for designing a support system for 

seismically induced rockfalls: 

 Calculate the safety factor 𝑆𝐹𝑠 by using Eq 4.4.2c. 

o 𝑆𝐹𝑠 =
𝑆𝑡𝑎𝑡𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑆𝑡𝑎𝑡𝑖𝑐 𝐷𝑒𝑚𝑎𝑛𝑑
= 

=
𝜎𝑡,𝑟𝑜𝑐𝑘 𝑚𝑎𝑠𝑠

𝜌𝑤
+

𝑝𝑠𝑢𝑝𝑝𝑜𝑟𝑡

𝜌𝑤
  ,   Kaiser et al.,(1996)                        Eq 4.4.2c    

where 𝜎𝑡,𝑟𝑜𝑐𝑘 𝑚𝑎𝑠𝑠 is the tensile strength of the rock mass, 𝑝𝑠𝑢𝑝𝑝𝑜𝑟𝑡  is the average 

support pressure per unit area and 𝜌𝑤 is the weight of rock mass loading the 

support per square meter. 

Normally 𝜎𝑡,𝑟𝑜𝑐𝑘 𝑚𝑎𝑠𝑠 is assumed to be equal to zero if the rock is heavily fractured 

or jointed. 

 The obtained 𝑆𝐹𝑠 is used to calculate the critical PPV for static strength, which would 

trigger a rock fall (see Eq 4.4.2d). 

o 𝑝𝑝𝑣𝑇𝑟𝑖𝑔𝑔𝑒𝑟 =  
𝑔

2𝜋𝑓
(𝑚𝑑 ∗ 𝑆𝐹𝑠 − 𝑞) Kaiser (1993)                                 Eq 4.4.2d  

o 𝑊ℎ𝑒𝑟𝑒  𝑚𝑑 is the dynamic strength multiplier, which is normally assumed to be 

in the range 1.1 – 1.4. 𝑞 could be set to 1 for the backs of excavations, 0 for the 

walls, and -1 is used for the floor. f is the frequency of the influencing seismic 

wave, and g is the gravitational constant. 

 Since the stability of the support system is also depending on the displacement 

capacity, the critical PPV regarding the displacement capacity is calculated by Eq 

4.4.2e. 

o 𝑝𝑝𝑣𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
1

𝑛
√2𝑔𝑑𝑢𝑙𝑡(𝑚𝑑 𝑆𝐹𝑠 − 1)                                   Eq 4.4.2e 

o 𝑛 =
𝐸𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝑝𝑝𝑣
         (n≥1)    

o 𝑑𝑢𝑙𝑡 is the displacement capacity of the support. 

 Compare 𝑝𝑝𝑣𝑇𝑟𝑖𝑔𝑔𝑒𝑟 and 𝑝𝑝𝑣𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙  of the support to the designed PPV value. If the 

amount of support, in the first step, is not sufficient, it is adjusted until the desired 

capacity is achieved. 
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4.4.3 Rock ejection from seismic energy transfer 

 

Figure 4:7- Incident seismic wave ejecting a block with initial speed Ve (After Ortlepp, 1994). 

One of the functions of dynamic support is to absorb kinetic energy from ejected rock masses.  

The kinetic energy is described by the follow relationship: 

𝑊𝑘 =
𝑚𝑣𝑒

2

2
,                                      Eq 4.4.3a 

where m is the mass of the block, 𝑣𝑒 is the ejection velocity and 𝑊𝑘 is the kinetic energy. For 

the block to be stable and not being ejected, the absorption capacity of the bolt, 𝑊𝐵𝑜𝑙𝑡 , has to 

be larger than the kinetic energy. 

𝑊𝐵𝑜𝑙𝑡 =  ∫ 𝐹
𝑢

0
𝑑𝑢,               Eq 4.4.3b 

where F is the force acting on the bolt, and u is the extension of the bolt. This expression could 

also be described by the simplified expression Eq 4.4.3c, applicable when yielding is assumed. 

The bolt is assumed to be elastic-perfectly plastic. For friction bolts etc, other relationships 

should be considered. 

𝑊𝐵𝑜𝑙𝑡 =  
𝐹𝑓𝑢𝑓

2
+

𝐹𝑦𝑢𝑓+𝐹𝑓𝑢𝑓−𝐹𝑓𝑢𝑦

2
 ,  (Nordlund, 2012)          Eq 4.4.3c  

where 𝐹𝑓 is the force at failure, 𝐹𝑦 is the yielding force, 𝑢𝑓 is the total deformation (extension) 

at failure and 𝑢𝑦 is the elastic deformation. 

When an ejection has occurred, the ejection velocity can be back-calculated by measuring the 

distance the rock masses has displaced in the horizontal direction. This could also be described 

with the following expression, by Tannant et al., (1993): 

𝑣𝑒 = 𝑑√
𝑔

2ℎ 𝑐𝑜𝑠2𝜃+𝑑∗𝑠𝑖𝑛2𝜃
 ,              Eq 4.4.3d 

where d is the distance as the masses has moved in horizontal direction, h is the initial height 

of the ejected material above the floor and 𝜃 is the upward angle of ejection. This velocity is 

representing the residual kinetic energy, after the support system failed (see Figure 4:8). 



28  CHAPTER 4. Design of rock support for dynamic loads 

 
 

 

Figure 4:8 – Ejection described with variables, from Kaiser et al. (1996). 

The kinetic energy depends on the mass of ejected rock and the velocity of the ejected 

masses, as described in Eq 4.4.3a. The relationship between PPV and ejection velocity is rather 

complicated. Kaiser et al. (1996) recommended that the ejection velocity is assumed to be 

equal to PPV as a conservative estimate. As described in chapter 3.4, this particle velocity can 

be amplified on the boundary to the excavation with up to a factor of 4. The particle velocity is 

depending on the magnitude of the seismic event and the distance between the source and 

the damage, as described in chapter 3.3.  

The mass can, however, depend on many factors, such as joint sets, stresses and geological 

properties. The volume of ejected material can vary from some tenths of a cubic meter, up to 

hundreds of cubic meters. In some cases, very large wedges measuring depth of over 10 

meters from the boundary can be formed and be potential subjects for ejection in seismically 

active ground, even though ejection is not very likely for a wedge of such proportions.  

The uncertainties in estimating both mass and ejection velocity of an ejection make support 

design difficult, with respect to economical and practical considerations. 

4.4.4 Repeated loading on a support system 

Even though a support system is built to yield during extension in order to absorb as much 

energy as possible under dynamic loading conditions, there is still a limited amount of capacity 

for any support system. The support system could fail either after an event generating large 

enough deformation, or after multiple small events each of which could cause yielding. 

The relationship for these two cases can be described in a simplified way as: 

∑ 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑒𝑣𝑒𝑛𝑡𝑠 𝑤ℎ𝑖𝑐ℎ 𝑐𝑎𝑢𝑠𝑒𝑠 𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔

𝐹𝑎𝑖𝑙𝑢𝑟𝑒

𝐼𝑛𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛

 

This relationship is presented in Figure 4:9 and Figure 4:10 , which illustrates the behaviour of 

a steel rod under various loading conditions. 
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Figure 4:9 - Load vs Displacement: During one load.  

 

Figure 4:10- Load vs Displacement: During multiple loads.  

In Kaiser et al. (1996), the concept of multiple loads is discussed. It is also stated to be very 

hard or impossible to determine, in a quantitative way, the current state of a support system 

which has been under subject to multiple dynamic loads.  

4.4.5 Static loads 

Bolts are often pre-loaded intentionally, to provide a static clamping force. However, there are 

also static loads acting on the bolt while they are installed. These could occur in two ways. 

The first way is when the bolt is holding the weight, a wedge for example. This load will be 

close to constant if the bolt undergoes deformation, see Figure 4:11. Since this load is 

independent of deformation, there will be a smaller energy absorption capacity left for 

dynamic loads.  

The second way is when, for example, bulking occurs and causes a load on the bolt, which are 

preventing the rock mass from expanding. This will cause a deformation of the bolt until the 

force is under the yielding limit. In Figure 4:12 an example is illustrated. When a dynamic load 

is applied to the bolt, it has already yielded by bulking and there is still some pre-loading on 
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the bolts. When the dynamic load keeps deforming the bolt, the pre-load decreases until there 

is only kinetic energy deforming the system, see Figure 4:12.

 

Figure 4:11- Principal sketch: Support under a dynamic 

load and a constant static load. 

 

Figure 4:12- Principal sketch: Support under a dynamic 

load and a varying static load.

 

4.5 Design criteria 

In Kaiser et al. (1996), the design criteria for a rock support system is clarified. The importance 

of understanding the role of the support and correctly identifying the potential damage 

mechanisms that may occur are clearly described. This is to be able to create an effective 

support system, in an economically favourable way. 

In Table 4.5.1, the characteristics of different damage mechanisms are shown together with 

support requirements for each case. 
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Table 4.5.1 -Summary of tables describing the characteristics of rock support in Kaiser et al. (1996). 

Damage 

mechanism 

Severity Cause of 

rock burst 

damage 

Thickness of 

failure (m) 

Load 

 (kN/m2) 

Displacement 

(mm) 

Energy 

(kJ/m2) 

Bulking 

without 

ejection 

Minor 

 

Moderate 

 

Major 

Highly 

stressed 

rock with 

little excess 

stored strain 

energy 

<0.25 

 

<0.75 

 

<1.5 

50 

 

50 

 

100 

30 

 

75 

 

150 

- 

 

- 

 

- 

Bulking 

causing 

ejection 

Minor 

 

Moderate 

 

Major 

Highly 

stressed 

rock with 

significant 

excess 

stored strain 

energy 

<0.25 

 

<0.75 

 

<1.5 

50 

 

100 

 

150 

100 

 

200 

 

>300 

- 

 

10-20 

 

20-50 

Ejection by 

remote seismic 

event 

Minor 

 

Moderate 

 

Major 

Seismic 

energy 

transfer to 

jointed or 

broken rock 

<0.25 

 

<0.75 

 

<1.5 

100 

 

150 

 

150 

150 

 

300 

 

>300 

10-20 

 

20-50 

 

>50 

Rockfall Minor 

 

Moderate 

 

Major 

Inadequate 

strength, 

forces 

increased by 

seismic 

acceleration 

<0.25 

 

<0.75 

 

<1.5 

100 

 

150 

 

200 

- 

 

- 

 

- 

- 

 

- 

 

- 

 

As seen in Table 4.5.1 above, the heaviest load the support system normally is subjected to is 

around 200 kN/m2 for major rock falls. Bulking causing ejection and ejection by remote seismic 

event also demands heavy support, with a load capacity of 150 kN/m2 and a deformation 

capacity of up to 300 mm. It is also noted that the practical or economical maximum load for 

design in Canada is 250 kN/m2. 

Kaiser et al. (1996) has also identified the role of the support system in different damage 

mechanisms, together with examples of appropriate support systems. This is summarized in 

Table 4.5.2. 
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Table 4.5.2 - Roles the support system should play for different damage mechanisms. Examples of appropriate support systems 

are also listed. This table is a summary of different tables in Kaiser et al. (1996). 

Damage 
mechanism 

Severity Role of support system Example of suggested 
support systems 

Bulking 
without 
ejection 

Minor   
 
 
 
Moderate 
 
 
 
 
Major 

- Tolerate minor damage or reinforce 
rockmass to prevent initiation of 
fracturing. 

 
- Reinforce rockmass to limit rockmass 

bulking and control rock displacements 
with support pressure 

 
- Control rockmass bulking and survive 

large rock displacements 

- Mesh with rockbolts 
or grouted rebars 
(and shotcrete) 

- Mesh with rockbolts 
and grouted rebars 
(and shotcrete). 

- Mesh and shotcrete 
panels with yielding 
bolts and grouted 
rebars 

Bulking with 
ejection 

Minor   
 
 
Moderate 
 
 
 
Major 

- Retain small volumes of ejected rock 
and limit rock displacements.  

 
- Retain ejected rock with a tough 

retaining system and survive rock 
displacements 

 
- Retain ejected rock, survive large rock 

displacements, and absorb energy 

- Mesh with rockbolts 
and splitset bolts 
(and shotcrete) 

- Mesh and shotcrete 
panels with rebars 

- Mesh and shotcrete 
panels with strong 
yielding bolts and 
rebars (and lacing) 

Ejection due 
to seismic 
energy 
transfer 

Minor   
 
 
 
Moderate 
 
 
 
Major 

- Retain small volumes of ejected rock 
with a retaining system that absorbs 
energy. 

 
- Retain ejected rock, absorb energy with 

holding elements and survive rock 
displacements. 

 
- Retain ejected rock, absorb energy with 

holding and retaining elements, and 
survive large rock displacements. 

- Reinforced 
shotcrete with 
rockbolts or split set 
bolts 

- Reinforces 
shotcrete  panels 
with rockbolts and 
yielding bolts  (and 
lacing) 

- Reinforced 
shotcrete panels 
with strong yielding 
bolts and rebars 
and lacing 

Seismically 
induced 
rockfall 

Minor   
 
Moderate 
 
Major 

- Reinforce rockmass to prevent failure or 
unravelling. 

- Reinforce rockmass, retain and gold 
unstable rock 

- Provide maximum holding capacity, 
maintain rockmass integrity with strong 
reinforcing and retaining system 

- Grouted rebars and 
shotcrete 

- Grouted rebars and 
plated cable bolts 
with mesh and 
straps or mesh 

- As above with 
higher density cable 
bolting 

 

 

4.6 Different types of support elements 

To support underground excavations, multiple types of support elements can be used. 

Depending on conditions and requirements, a support system can be built by combining the 
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available support elements. There is a vast amount different supporting elements, and some 

of the most commonly used types are listed below: 

 Rockbolts  

 Shotcrete 

 Mesh 

 Steelsets concrete lining 

 Conrete arches 

 Props 

 Lacing 

Rockbolts, mesh and shotcrete are further described. 

The support is commonly devided into two types of support; The dynamic support, which is 

designed to sustain dynamic loadings as well as static loads. And the static support, which is 

designed to sustan staic loads. 

4.6.1. Rock bolts 

Rock bolts can be divided into four types of bolts: fully grouted rebars, tension anchored bolts, 

friction bolts and bolts for dynamic loads (Nordlund, 2012). In this section, only the bolts used 

by LKAB’s Kiirunavaara mine are listed. 

Fully grouted rebar: This is the most common bolt type in the world, according to Nordlund 

(2012). It consists of a rebar with a nut and faceplate, see Figure 4:13, and is fully grouted 

during installation. These bolts are stiffer than most of the other bolts and are often used 

when a high load capacity is needed, see Figure 4:13. 

 

Figure 4:13 - Fully grouted rebar. 

Tensioned anchored bolts: This type of bolt comes in three main variants; the mechanically 

anchored bolt, the resin anchored bolt and the cone bolt (Nordlund, 2012). 

In temporary support, tensioned bolts are usually installed without grouting since they offer 

immediate support. In permanent support, the bolt has to be grouted or in some other way 

protected from corrosion.  
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Tensioned mechanically anchored bolts are often more effective for dynamic support than the 

fully grouted rebar, since the anchor will plough through the rock after the grouting has failed. 

The principle is described in Figure 4:14. 

 

Figure 4:14 – Cone bolt ploughing in the rock, principal illustration (Li, 2013) 

The cone bolt is anchored by hitting the bolt into the bottom of the borehole, which leads to 

an expansion of the cone which anchors the bolt, where after the nut is tightened and the bolt 

is tensioned. 

Friction bolts: There are two main types of friction bolts, the swellex bolt and the split-set 

bolt. These bolts are both held in place by friction to the borehole walls.  

The Swellex bolt is inserted into the borehole and then expanded using high-pressure water. 

In Figure 4:15, the bolt is illustrated before and after inflation. The bolts swell to a stage where 

the friction between the bolt and rock is high enough to resist the required loads. 

 

Figure 4:15 - a) The Swellex bolt in the hole, before inflation. b) The Swellex bolt in the hole, after inflation. 

In Table 4.6.1 , the characteristics of the Swellex Mn24 bolt is presented. 

Table 4.6.1 - Characteristics of Swellex Mn24.  

Swellex Mn24 

Energy absorbing capacity 11 kJ                      (Töyrä et al., 2015) 

Typical yield load 200 kN                   (Atlas Copco, 2016) 

Typical tensile load 240 kN                   (Atlas Copco, 2016) 

Maximum deformation 55 mm                   (Töyrä et al., 2015) 

 

The split-set bolt is working in a similar way as Swellex, but is installed with a different 

method. The bolt has bigger diameter than the borehole and is pressed into the hole, thereby 

deforming due to a slot in the profile (see Figure 4:16). The bolt is held in place by friction 

between the bolt and the borehole walls. This bolt has significantly lower load and yielding 

capacity than the Swellex bolt (see Figure 4:20). 
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Figure 4:16 - a) The split-set bolt before insertion in the hole. b) After insertion in the hole. 

The D-bolt: This is a bolt which is designed to absorb kinetic energy. The bolt is built up of 

small sections with anchors between them, see the bolt and the oval sections in Figure 4:17. 

Every section can yield independently, if one section breaks the remaining sections can still 

take up forces. As presented in Figure 4:20, this bolt is a very effective bolt for dynamic loads.  

 

 

Figure 4:17 - The D-bolt (Picture from Li, 2013). 

The NMX bolt: This is a rock bolt designed for static support. In the top of the bolt, there is a 

wedge, which anchors the bolt and enables pre-tensioning and allows the bolt to take loads 

before the grout has fully cured.  

Table 4.6.2 - Technical data of the NMX bolt.  

NMX Bolt 

Material B500BT Reinforcement bar 

Energy absorbing capacity 6 kJ                                 (Töyrä et al., 2015) 

Typical yield load 165 ± 12 kN                  (NMV, 2016) 

Typical tensile load 192 ± 10 kN                  (NMV, 2016) 

Maximum deformation 50 mm                           (Töyrä et al., 2015) 

 

 

Figure 4:18 - NMX bolt (NMV, 2016) 

The NMX Dynamic: This bolt is developed from the NMX bolt, designed to absorb more kinetic 

energy. As shown in Figure 4:20, this bolt is very effective for absorbing kinetic energy. The 

difference between this bolt, and the regular NMX bolt, is that the centre part of the bolt is 

covered by a steel pipe. The pipe allows the centre part of the bolt to debond from the 

grouting material when deformation is large. Therefore, the centre part of the bolt can yield 

over a larger distance and the bolt can sustain a larger deformation. 
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Figure 4:19 - The NMX Dynamic bolt design (NMV, 2016). 

Table 4.6.3 - Technical data of the NMX Dynamic bolt (NMV, 2016). 

NMX Dynamic 

Material B500BT Reinforcement bar 

Energy absorbing capacity 30 kJ 

Typical yield load 170 ± 3 kN 

Typical tensile load 199 ± 8 kN 

Maximum deformation 209 ± 23 mm 

 

Comparison 

When comparing the different bolts in a force vs displacement diagram, their respective 

benefits are understood.  

The grouted rebar is suitable for supporting in a static condition, where only small 

deformations are expected, since the displacement capacity of the bolt is limited. 

The Swellex bolt is the superior friction bolt, regarding the loading capacity. The Swellex Mn24 

bolt has favourable characteristics as a bolt for dynamic loads, due to the high axial load and 

high deformation capacity. 

Of the dynamic bolts, the NMX Dynamic and the D-bolt are both very effective bolts for 

absorbing dynamic loads. These bolts can take high axial loads during large deformation, 

which results in a good energy absorption capacity. In Figure 4:20, the characteristics for the 

different types of bolts are shown. 

These different bolts exist in many different versions. Figure 4:20 should therefore only be 

used to understand the behaviour of the bolt, not the exact load nor deformation capacity. 
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Figure 4:20- Typical behaviour of different types of rock bolts.  

Note: This diagram is adapted from Li (2013). It was redrawn by Eugie Kabwe, Yiming Wang (2013). The NMX 

Dynamic bolt, approximated curve from NMV (2016), was added by the author of this work. 

4.6.2.  Steel fibre reinforced shotcrete 

Steel fibre reinforced shotcrete works as a retaining element in underground excavations, 

which is sprayed to prevent fallouts of loose rock pieces and to create a confining pressure on 

the rockmass.  

Concrete is normally a brittle material, with high compressive strength and low tensile 

strength. By adding steel fibres to the mixture a reinforcing effect occurs, which increases the 

tensile strength and ductility. The shotcrete is sprayed onto the rock. In order to prevent the 

shotcrete from falling off the rock surface, good adhesion is required (Holmgren, 1996).  

4.6.3.  Steel mesh 

The traditional use of steel mesh is to prevent fallouts by holding loose rock from falling down. 

Today, steel mesh is used for many other purposes. As rock bursts nowadays is a common 

problem in many deep mines in the world, mesh is used as a part of the supporting system for 

absorbing dynamic energy. Problems associated with high stresses, such as bulking, could also 

be reduced with the installation of mesh (Kaiser et al., 1996). 

Steel mesh can be used in several ways. Some common methods are listed below: 

 Mesh is installed directly onto rock. No shotcrete is used. 

 Mesh is installed onto shotcrete. 

 Mesh acting as a reinforcement is installed onto rock. Shotcrete is then sprayed on the 

mesh. 

In Kiirunavaara mine, mesh is a part of the support system for dynamic loads. It is installed 

onto the shotcrete and anchored by rockbolts.  

There are three main types of steel mesh: welded wire mesh, expanded-metal mesh and chain 

link mesh. In Figure 4:22 and Figure 4:21, the chain link mesh and welded wire mesh is 

illustrated.
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Figure 4:21 - Welded wire mesh (Player et al., 2008). 

 

 

Figure 4:22 - Chain link mesh (Player et al., 2008).

The difference between these two types of mesh is their ability to deform, while retaining a 

static load capacity. The chain link mesh is generally less stiff during initial loading than the 

welded wire mesh (Kaiser et al., 1996). 

Chain link mesh, made from high-tensile steel, and welded steel mesh were compared by 

Player et al., (2008). The major differences between them was that the chain link mesh could 

deform 300 mm under a maximum load of up to 155 kN in the test set up, while the welded 

wire mesh only deformed 250 mm under a maximum load of 45 kN. A different type of steel, 

with higher ultimate load capacity but smaller failure strain, was used for the chain link mesh, 

which makes this a comparison of products and not a comparison of different types of mesh.  

4.7 Criteria for deciding the type of rockburst damage 

Bulking due to fracturing can be divided into two types: bulking with ejection and bulking 

without ejection. In this thesis, these two are separated. Bulking with ejection is grouped with 

ejection due to seismic energy transfer, due to the similar nature of these damages and limited 

information being collected during the analysis.  

4.7.1. Bulking without ejection 

According to Kaiser and Cai (2012), bulking can occur in a slow manner caused by high 

stresses, or in a more explosive manner as a strain burst. Regardless of different manners, the 
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bulking process causes deformation perpendicular to the wall. Fracturing of the rock is a direct 

product of high stresses relative to the UCS of the rock material, described with the 𝜎𝑚𝑎𝑥/𝜎𝑐 – 

ratio (Kaiser et al., 1996). This ratio could also be used to understand the probability of 

bulking, since it is a process that depends on the fracturing of the rock.  

Criteria for bulking without ejection, based on theories described by Kaiser et al. (1996), are 

used in this thesis, are: 

 Deformation is perpendicular to the wall.  

 In the case of a rockfall, there are indications of stress-induced fractures (flat and sharp 

rock pieces). 

 If no rockfall has occurred, bagging or mattressing of mesh and/or shotcrete is visible.  

 There are no clear signs of ejection and/or the ejection velocity is under 2 m/s. 

 

4.7.2. Rockfall due to seismic shaking 

A rockfall due to seismic shaking, is caused by shaking of the ground. These are most often 

caused by seismic waves with major components in the frequency range of 10 - 30 Hz (Kaiser 

et al., 1996). According to Kaiser and Cai (2012), this type of rockfall frequently occurs in areas 

with low confinement, such as excavations with large span.  

Criteria for rockfall due to seismic shaking as used in this thesis, based on theories described 

by Kaiser et al. (1996), are: 

 Falling material is blocky and mainly consists of large blocks. 

 There are no clear signs of ejection and/or the ejection velocity is under 2 m/s. 

 The rockfall is most likely driven by gravity. 

4.7.3. Bulking with ejection or ejection due to seismic energy transfer  

Bulking with ejection or ejection due to seismic energy transfer can be caused by a seismic 

event close to the excavation, or by a remote seismic event (Ortlepp and Stacey, 1994).  

Criteria for ejection due to energy transfer, based on theories described by Kaiser et al. (1996), 

are used in this thesis: 

 There are clear signs of ejection and the ejection velocity is over 2 m/s. 

4.7.4. Summary of criteria  

The criteria for deciding the damage mechanism are summarized as a flow chart in Figure 

4:23. This flow chart is used as guidance for determining the active damage mechanisms, 

based on observations.  
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Figure 4:23 –Flow chart used to judge the damage mechanism. 

 

4.8 Classification of damage 

To create a structured procedure for identification and classification of different damages, 

some methods had to be assigned. These are listed and described in this chapter. 

4.8.1 Damage area 

The type of excavation where the damage has taken place is subdivided into three areas, 

according to Figure 4:24: crosscut, footwall drift and other.  

Footwall drift and crosscut refers to their real names. “Other” includes all other excavations in 

the damage sites, such as ore pass access drifts, block access drifts etc.  

Intersection is an area that is particularly exposed. To understand how well the support 

behaves in this area, a definition of intersections is required in order to be able to separate 

damages in these from damage in other parts of the footwall drift (See Figure 4:25).  
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Figure 4:24 – Classification of different excavations where damage has taken place. 

 

Figure 4:25 - Definition of intersection. 

Note: The whole area inside of the blue circle is defined as an intersection. The centre of the circle is in the 

middle of the crossing.  

4.8.2 Excavation profile classification 

To determine the distribution of damage between different regions in the excavation profile, 

the excavation profile was subdivided into four sections: L1, L2, R1 and R2. L stands for left 

and R stands for right. L1 and R1 represent the shoulder and roof part of the profile. L2 and R2 

represent the walls. 

Certain rules were followed, in order to have a consistent classification:  

 R1 and R2 are always facing south in a crosscut.  

 R1 and R2 are always facing east in a footwall drift. 

 If a drift is classified as “other” and is oriented in East- West direction, R1 and R2 

are facing south. 

 If a drift is classified as “other” and is oriented in North-South direction, R1 and R2 

are facing east. 
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 If a drift is classified as “other” and has a strike which is neither north-south nor 

east-west, the damage location is excluded and is marked with “-“. This only 

excludes the location in the drift profile from further analysis, and not the whole 

damage. 

In Figure 4:26 and Figure 4:27, the sections and directions are illustrated.  

 

Figure 4:26 - The profile subdivided into four sections: R1, R2, L1 and L2. 

 

Figure 4:27 - Clarification of "R" location. 

4.8.3 Damage classification 

Kaiser et al. (1995) suggested a Rockburst damage scale (RDS), which was later modified by 

Potvin (2008). This scale was adapted to enable a qualitative judgement of rockburst-related 

damages. The R is changed to an S in the report to avoid confusion, hence R1 becomes S1.  
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Table 4.8.1- Rockburst damage scale, adapted by Potvin (2008) from Kaiser et al. (1995). 

Rockburst Damage Scale Rock Mass Damage Support Damage 

S1 No damage, cracks No damage 

S2 Minor damage, less than 1 t 

displaced 

Support system is loaded, 

bagging of mesh, bolt plates 

deformed 

S3 1-10t displaced Some broken bolts 

S4 10-100 t displaced Major damage to support 

system 

S5 100+ t displaced Complete failure of support 

system 

 

4.8.4 Support classification  

Heal et al. (2006) created an empirical method to determine the Excavation Vulnerability 

Potential, or EVP. This method consists of four empirical variables, where one is E2 – Support 

classification. This method is considered useful for this work, due to the possibility of sorting 

different support systems into classes depending on their properties. This method is, however, 

not using the same supporting elements as used in LKAB’s support system. Therefore, a similar 

classification system is created, to more easily classify the different support designs. This is 

described in Table 4.8.2. 

Table 4.8.2 - Support classification system. 

Support classification Surface support Reinforcement 

1 Shotcrete -NMX 

or 

-Cable 

2 Shotcrete + Mesh -NMX Dynamic 

or 

-Swellex 

or 

-D-bolt 

3 Shotcrete + Mesh -NMX Dynamic + Cable bolting 

or 

-Swellex + Cable bolting 

or 

-D-bolt + Cable bolting 

 

4.8.5 Damage mechanism 

To determine the primary damage mechanism, three main mechanisms were identified after 

Kaiser et al. (1996); Bulking with ejection or ejection due to seismic energy transfer, rockfall 

due to seismic shaking and bulking without ejection. The description of each mechanism is 

listed in Chapter 4.7. 
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4.8.6 Geological conditions 

The geological conditions were obtained from mappings conducted by LKAB. The mapped rock 

type was noted, and also the surrounding rock conditions. The surrounding conditions can 

affect the stresses in the area of interest, and is therefore important to consider. 

Three different classes are defined: 

Table 4.8.3 - Geological conditions.  

Label Description Rock type (Described in chapter 

2.2) 

Hard Located in hard rock, with no clay 

zones or soft rock in the surroundings. 

SP, QP and ORE 

Hard, close to soft Located in hard rock, with clay zones 

or soft rock in surrounding which may 

affect the stresses in the rock mass. 

SP, QP and ORE 

Soft Located in soft rock. Clay, soft rock, crushed rock or 

other low quality rock type. 

4.8.7 Maximum boundary stress 

To get an approximate value of the stresses acting on the boundary of the excavations, a 

circular cross-section was assumed. Kirsch’s simplified solution (Kirsch, 1898) could thereby be 

used to calculate the tangential stress on the boundary, under elastic conditions. The equation 

is presented as Eq 4.8.7: 

3 ∗ 𝜎𝑥 − 𝜎𝑦 = 𝜎𝜃𝑚𝑎𝑥    (Kirsch, 1898)           Eq 4.8.7a 

To evaluate the stresses parallel to the excavation axis, Eq 4.8.7b was used. This equation also 

applies to an excavation with circular cross-section. Plane strain condition is assumed, and one 

principal stress is assumed parallel to the drift. 

𝜎ζ𝑚𝑎𝑥 = 𝜎ζ0 + 2𝑣(𝜎𝑥 − 𝜎𝑦 ),  (Kirsch, 1898)                                Eq 4.8.7b 

where 𝜎𝑥  and 𝜎𝑦 are the in-plane stresses perpendicular to the excavation axis, and 𝜎ζ0 is the 

out of plane stress parallel to the excavation axis, v is the Poisson’s ratio of the rockmass. 𝜎𝑥  

and 𝜎𝑦 is assumed to be the major principal stresses, in order to avoid shear stress 

components. 

In Figure 4:28, a numerical model, representing 𝜎1  the major principal stress plotted around a 

circular excavation, is presented. As can be seen, there are two dominant areas. The area 

designated “A” represents the least stressed area, and area “B” represents the most stressed 

area.   
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Figure 4:28 - σmax plot adapted from Radojkovic et al., (2016). The A-area represents the least stressed area, and the B-area 

represents the most stressed area. 

4.8.8 Vertical distance to the production level 

Since the mining-induced stresses at a given location are highly dependent on the vertical distance to 

the production level, this vertical distance is an important factor to consider. In this thesis, the vertical 

distance to production level is measured in number of levels to the lowest level with active production. 

This factor is called “Normalized relative vertical distance to production level”, where the distance 

equals zero levels at the most recently opened production level. In Figure 4:29, this is visualised. In the 

figure, level 0 and -1 are the two levels in active production. The lowest level, 0, in production is 

referred to as “the production level”, when determining the distance to production. The “Normalized 

relative vertical distance to production level“ is defined by the following equation:  

Damage site level –  production level

Height of sublevel
= 

= Normalized relative vertical distance to production level   Eq. 4.8.8 

 

 

Figure 4:29 – Illustration of the “Normalized relative vertical distance to production level”. Level 0 represents the lowest level 

with active production in this vertical cross-section. 
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5 Compilation of data 

The seismic events that are suspected to have caused the damages are compiled in this 

chapter. All of the data is taken from the LKAB’s internal reports (Sturk, 2011-2015). A uniform 

procedure is used in describing the events and damages. It starts with the information of the 

seismic source. The time, date, magnitude and Es/Ep ratio for the event, which is believed to 

be associated to the damages, are listed in a table. The magnitude is a Local magnitude used 

by LKAB, described in Chapter 3.8. The damage location and damage severity are then 

described in another table, following the classification described in Chapter 4.8. Finally, the 

installed support system, and the damage it sustained, is described. 

When photos or pictures are mentioned but not presented, they are to be found in the LKAB’s 

internal damage mapping report or in the photo database used for this work. 

5.1 Event 1 - 1st of August 2011. Y: 3350 

On the 1st of August 2011, a magnitude 0.9 event occurred. One damage was found at level 

993 m. In Table 5.1.1, information of the event suspected to have caused the damage is listed. 

In Figure 5:1 and Figure 5:2, the orientation of the source and the damage is presented.

 

Figure 5:1- Vertical view of the damaged area, from Sturk (2011a). Red circle indicates the damaged area. Green circle 

indicates the source. 
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Figure 5:2- Horizontal view at level 1022 m, from Sturk (2011a). Damaged area is marked with red circle. Green circle indicates 

the source. 

Table 5.1.1- Event suspected to have caused damage. 

Date and time Magnitude Es/Ep 

2011-08-01 

09:01 

0.9 7.1 

Note: Data is taken from Sturk (2011a). 

In Table 5.1.2, the damage is briefly described. The normalized relative vertical distance to 

production level is defined by the formula mentioned in section 4.8.8. 

Table 5.1.2 - Damage description.  

Damage  

site 

Damage  

area 

Crosscut 

number 

Location of  

damage 

Damage  

level 

Normalized 

relative vertical 

distance to 

production level 

Production 

level (m) 

993/A Other Access 

drift 

R1 S2 1 964 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2011a). 

The installed support system, and the damage it sustained, is described in Table 5.1.3 . 
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Table 5.1.3 - Support system used at the damage site and its damage state. 

Damage 

site 

Support system Damage state 

Bolt 

type 

Bolt 

spacing C-

C (m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support 

Bolts in 

failure 

993/A NMX 1.5 7 No Shotcrete has 

fallen out 

with some 

rock material. 

No cracks are 

seen outside 

the damaged 

area. 

0 

Note: Data is taken from Sturk (2011a) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

5.2 Event 2 - 7th of September 2011. Y: 2500 

On 7th of September 2011, one event with magnitude 1.2 occurred. Two damages were found 

on level 964 m, one large (Marked in red in figures below) and one small (Marked in blue in 

figures below). The small damage is excluded due to lack of information. The large damage is 

widespread, and is therefore divided into three parts: A, B and C. In Table 5.2.1, information of 

the event suspected to have caused the damages. In Figure 5:3 and Figure 5:4 the orientation 

of the source and the damage is presented.

 

Figure 5:3- Vertical view of the damaged area at level 964, 

from Sturk (2011b). Red circle indicates the damage of 

interest. Yellow circle indicates the source. 

 

Table 5.2.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2011-09-07 

05:56 

1.3 30 

Note: Data is taken from Sturk (2011b). 

In Table 5.2.2, the damages are briefly described.  

Figure 5:4- Horizontal view over the damaged area at 
level 964, from Sturk (2011b). Red circle indicates the 
damage of interest. Yellow circle indicates the source. 
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Table 5.2.2 - Damage description.  

Damage 

Site 

Damage 

area 

Crosscut 

number 

Location of 

damage 

Damage 

level 

Normalized 

relative vertical 

distance to 

production level 

Production 

level (m) 

964/A Cross cut 254 L1+R1 S4 0 964 

964/B Cross cut 254 L1+R1 S4 0 964 

964/C Cross cut 254 L1+R1 S4 0 964 

Note: Location of the damage and damage level are estimated from photos and maps from Sturk (2011b). 

The installed support system, and the damage it sustained, is described in Table 5.2.3 .  

 Table 5.2.3 - Support system used at the damage site and its damage state. 

Note: Data is taken from Sturk (2011b) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

5.3 Event 3 - 20th of April 2012. Y: 2900 

On the 20th of April 2012, one event with magnitude 1.6 occurred. Two damages were found 

on level 1022 m. In Table 5.3.1, information of the event suspected to have caused the 

damage is listed. In Figure 5:5 and Figure 5:6, the orientation of the damages and the source is 

presented.

Damage 

site 

Support system Damage state 

Bolt type Bolt 

spacing C-

C (m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support 

Bolts in 

failure 

964/A NMX or 

NMX 

Dynamic 

1.5 7 No Shotcrete 

has fallen out 

with rock 

material. 

Unknown 

964/B NMX or 

NMX 

Dynamic 

1.5 7 No Shotcrete 

has fallen out 

with rock 

material. 

Unknown 

964/C NMX or 

NMX 

Dynamic 

1.5 7 No Shotcrete 

has fallen out 

with rock 

material. 

Unknown 
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Figure 5:5- Vertical view of the damaged area, adapted from Sturk (2012b). Black circles indicate the damages.  

Note: damage in crosscut 288 is placed on the wrong side. It should be on the left side in the picture, not right. 

Red circle indicates the source. 

 

Figure 5:6 - Horizontal view over the damaged area, from Sturk (2012b). Black circles indicate the damages. Red circle 

indicates the source.  

Note: damage in the crosscut 288 is placed on the wrong side. It should be on the left side in the picture, not 

right.

 

Table 5.3.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2012-04-20 

01:25 

1.6 20 

Note: Data is taken from Sturk (2012b). 

In Table 5.3.2, the damages are briefly described.   
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Table 5.3.2 - Damage description.  

Damage 

site 

Damage 

area 

Crosscut 

number 

Location of 

damage 

Damage 

level 

Normalized 

relative 

vertical 

distance to 

production 

level 

Production 

level (m) 

1022/288 Cross cut 288 R2 S4 1 

 

993 

1022/291 Cross cut 291 R1 S2 1 993 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2012b). 

The installed support system, and the damage it sustained, is described in Table 5.3.3 .  

Table 5.3.3 - Support system used at the damage site and its damage state. 

Damage site Support system Damage state 

Bolt type Bolt 

spacing C-C 

(m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support  

Bolts in 

failure 

1022/288 Swellex 

Mn24 

1 7 Yes Damage 

occurred 

under mesh. 

Shotcrete has 

fallen off. 

0 

1022/291 Swellex 

Mn24 

1 7 Yes Mesh has 

partly lost its 

function at 

the overlap. 

5 

Note: Data is taken from Sturk (2012b), which was complemented by interview with Håkan Krekula, LKAB on 20 

May 2016. The components of the support system are described in chapter 4.6. 

5.4 Event 4 - 13th of August 2012. Y:2250 

On the 13th of August 2012, one event with magnitude 1.6 occurred. Damages were found on 

level 935 m. In Table 5.4.1, information of the event suspected to have caused the damage is 

listed. In Figure 5:7 and Figure 5:8, the orientation of the damages and the source is 

presented.
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Figure 5:7- Top view over the damaged area. Black circles filled with red, indicate the damages. The star indicates the location 

of the source. The “N”, North arrow, indicates north in the mine’s coordinate system.

 

Figure 5:8- Vertical view of the damaged area. Black ellipse filled with red, indicates the damages. The star indicates the 

location of the source. The position of the source on the X-axis could differ compared to the drift profile depending on where 

the cross section is drawn in the horizontal plane.

Table 5.4.1- Events suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2012-08-13  

07:36 

1.6 2.3 

 

In Table 5.4.2, the damage is briefly described.  
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Table 5.4.2 - Damage description.  

Damage 

site 

Damage 

area 

Crosscut 

number 

Location 

of 

damage 

Damage 

level 

Normalized 

relative 

vertical 

distance to 

production 

level 

Production 

level (m) 

935/ 

Y2220-

Y2237 

Footwall 

drift 

South of 

224 

L1+L2 S3 1 907 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2012a) and 

LKAB(2012a). 

 

The installed support system, and the damage it sustained, is described in Table 5.4.3 .  

Table 5.4.3 - Description of support system and number of bolts in failure.   

Damage site Support system Damage state 

Bolt type Bolt 

spacing C-C 

(m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support 

Bolts in 

failure 

935/ Y2220-

Y2237 

Swellex 

Mn24 

1 10 Yes Mesh failed 

at overlap. 

47 

Note: Data is taken from Sturk (2012) and LKAB (2012a), and was complemented by interview with Håkan 

Krekula, LKAB on 20 May 2016. The components of the support system are described in chapter 4.6. 

5.5 Event 5 - 12th of July 2013. Y: 2900 

On 12th of July 2013, one event with magnitude 2.4 occurred. Multiple damages were found 

on level 1022 m, 1051 m and 1079 m. Due to lack of data for most of the damaged areas, only 

one damage on 1022 m and one on 1079 m are analysed. In Table 5.5.1, information of the 

event suspected to have caused the damage is listed. In Figure 5:9 and Figure 5:10, the 

orientation of the damages and the source is presented. The damage at 1022 m occurred at 

the exact same position as the damage that occurred at 1022/288 on 2012-04-20.

 

Figure 5:9- Vertical view of the damaged area, from Sturk 

(2013). Red circle indicates the damaged area. Blue 

square indicates the source. 

 

Figure 5:10 - Horizontal view at 1022 m, from Sturk 

(2013). Damaged area is marked with red circle. Blue 

square indicates the source. 



54  CHAPTER 5. Compilation of data 

 
 

 

Table 5.5.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2013-07-12 

14:18 

2.4 5.3 

Note: Data is taken from Sturk (2013). 

In Table 5.5.2, the damage is briefly described.  

Table 5.5.2 – Damage description. 

Damage 

site 

Damage 

area 

Crosscut 

number 

Location of 

damage 

Damage 

level 

Normalized 

relative 

vertical 

distance to 

production 

level 

Production 

level 

1022/A Cross cut 288 L1+L2 S4 0 

 

1022 

1079/A Footwall 

drift 

Between 

296 and 

296 

R1 S3 2 1022 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2013) and 

LKAB (2013). 

The installed support system, and the damage it sustained, is described in Table 5.5.3 .  

Table 5.5.3 – Support system used at the damage site and its damage state. 

Damage site Support system Damage state 

Bolt type Bolt 

spacing C-C 

(m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support 

Bolts in 

failure 

1022/A Swellex 

Mn24 

1.5 7 No Damage 

occurred on 

the boundary 

to mesh. 

6* 

1079/A Swellex 

Mn24 

1 7 Yes Shotcrete 

was cracked, 

mesh was 

holding it 

from falling 

out. 

0 

Note: Data is taken from Sturk (2013) and LKAB (2013) and was complemented by interview with Håkan Krekula, 

LKAB on 20 May 2016. The components of the support system are described in chapter 4.6. *Estimated from 

pictures. 
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5.6 Event 6 - 7th of February 2014. Y: 2200 

On the 7th of February 2014, one event with magnitude 1.07 occurred. Damages were found 

on level 935 m. In Table 5.6.1, information of the event suspected to have caused the damage 

is listed. In Figure 5:11 and Figure 5:12, the orientation of the damages and the source is 

presented.

Figure 5:11- Top view over the damaged area, from Sturk (2014b). Red circle indicates the source. The black circle marks the 

damaged area. 

 

 

Figure 5:12 - Vertical view of the damaged area, from Sturk (2014b). Red circle indicates the source. The black circle marks the 

damaged area

Table 5.6.1- Events suspected to have caused damage. 

Date and time Magnitude Es/Ep 

2014-02-07  

01:48 

1.07 5.1 

Note: Data is taken from Sturk (2014b). 

In Table 5.6.2, the damage is briefly described. 

Table 5.6.2 - Damage description.  

Damage 

site 

Damage 

area 

Crosscut 

number 

Location 

of 

damage 

Damage 

level 

Normalized relative 

vertical distance to 

production level 

Production 

level (m) 

935/A Footwall 

drift 

Between 

211 and 

217 

R1 S3 0 935 

Note: Locations of damage and damage level are estimated from photos and maps from Sturk (2014b) and LKAB 

(2014c). 
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The installed support system, and the damage it sustained, is described in Table 5.6.3 .  

Table 5.6.3 - Description of support system and its damage state. 

Damage 

site 

Support system Damage state 

Bolt type Bolt 

spacing C-

C (m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support 

Bolts in failure 

935/A Swellex 

Mn24 

1 10 Yes Mesh is 

ripped up. 

Swellex 

Mn24 

7 

NMX* 1.5 NMX* 3 

Note: Data is taken from Sturk (2014b) and LKAB (2014c) and was complemented by interview with Håkan 

Krekula, LKAB on 20th of May 2016. The components of the support system are described in chapter 4.6. 

*Unknown type of NMX.  
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5.7 Event 7 – 29th of May 2014. Y: 2950      

On the 29th of May 2014, two events with magnitude 2.1 and magnitude 0.9 occurred. 

Damages were found on 1079 m and 1108 m levels, and in multiple areas on each level. 

Information of the event suspected to have caused the damage is listed 

Table 5.7.1. The orientation of the source and the damage is presented in Figure 5:13 .

Figure 5:13- Horizontal view over the damaged area, from Sturk (2014a). Black circles indicate the damages. Red cross 

indicates the source.  

 

Figure 5:14- Vertical view of the damaged area, from Sturk (2014a). Black circle indicates the damages. Red cross indicates the 

source. 
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Table 5.7.1- Events suspected to have caused damage. 

Date and time Magnitude Es/Ep 

2014-05-30 

00:57 

0.9 - 

2014-05-29 

23:06 

2.1 351.2 

Note: Data is taken from Sturk (2014a). 

In Table 5.7.2, the damages are briefly described. 

Table 5.7.2 - Damage description.  

Damage 

site 

Damage 

area 

Crosscut 

number 

Location 

of 

damage 

Damage 

level 

Normalized relative 

vertical distance to 

production level 

Production 

level (m) 

1079/1a Footwall 

drift 

Next to 

296 

R1 S2 2 

 

1022 

1079/1b Cross 

cut 

296 L1+R1+R2 S3 2 1022 

1079/2 Cross 

cut 

293 L1+R1 S2 2 1022 

1079/3 Cross 

cut 

291 L1+R1 S1 2 1022 

1079/4 Footwall 

drift 

Between 

288 and 

291 

R2 S2 2 1022 

1079/6 Footwall 

drift 

Between 

286 and 

288 

L1+R1 S4 2 1022 

1108/7 Footwall 

drift 

Next to 

292 

R1+R2 S2 3 1022 

1108/9 Footwall 

drift 

Between 

290 and 

292 

L1+R1 S2 3 1022 

1108/10 Cross 

cut 

290 L2 S2 3 1022 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2014a), 

LKAB(2014a) and Töyrä et al., (2015). 

The installed support system, and the damage it sustained, is described in Table 5.7.3 .  
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Table 5.7.3 - Support system used at the damage site and its damage state. 

Damage 
site 

Support system Damage state 

Bolt type Bolt 
spacing C-
C (m) 

Shotcrete 
thickness 
(cm) 

Mesh Surface support  Bolts in 
failure 

1079/1a Swellex 
Mn24 

1 7 Yes Mesh failed at 
overlap.  

2 

1079/1b NMX 1.5 5 No Fallout of 
shotcrete 
together with 
rock. 

2 

1079/2 NMX 1.5 5 No Fallout occurred 
on boundary to 
mesh. 

2 

1079/3 Swellex 
Mn24 

1 7 Yes Stable. Cracks in 
shotcrete arch. 

0 

1079/4 Swellex  
Mn 24  

1 7 Yes Stable. Bolts were 
“sucked” into the 
rock. 
Approximately 20 
cm deformation 
of wall. 

0 

NMX 2 

1079/6 Swellex  
Mn 24  

1 7 Yes Mesh partly failed 
at overlap. 

22 

NMX 2 

1108/7 D-bolt 1 7 Yes Mesh partly failed 
at overlap. 

3 

1108/9 D-bolt 1 7-10 Yes Shotcrete was 
fractured.  

0 

1108/10 D-bolt 1 7-10 Yes Shotcrete buckled 
out. Mesh was 
opened up along 
overlap, but not 
completely failed. 

3 

Note: Data is taken from Sturk (2014a) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 
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5.8 Event 8 - 5th of July 2014. Y: 3400 

On the 5th of July 2014, one event with magnitude 1.7 occurred. One damage was found on 

level 1165 m. In, Table 5.8.1, information of the event suspected to have caused the damage is 

listed. In Figure 5:15 and Figure 5:16, the orientation of the damages and the source is 

presented. Due to lack of data for most of the damaged areas, the damage marked with “Main 

damage” is the only damage considered for this case.

 

Figure 5:15- Vertical view of the damaged area, from Sturk (2014d). Black circle indicates the damage. Blue circle indicates the 

source.  

 

Figure 5:16- Horizontal view over the damaged area, taken from LKAB (2014c). The area marked with ”Main damage” 

indicates the damage of interest. Blue circle indicates the source.  
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Table 5.8.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2014-07-05 

17:25 

1.7 12.7 

Note: Data is taken from Sturk (2014d). 

 

In Table 5.8.2, the damage is briefly described.   

Table 5.8.2 - Damage description. 

Damage 

site 

Damage 

area 

Crosscut 

number 

Location of 

damage 

Damage 

level 

Normalized relative 

vertical distance to 

production level 

Production 

level (m) 

1165/A Cross 

cut 

- L1+R1 S4 5 1022 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2014d) and 

LKAB (2014c). 

The installed support system, and the damage it sustained, is described in Table 5.8.3 .  

Table 5.8.3 - Support system used at the damage site and its damage state. 

Damage site Support system Damage state 

Bolt type Bolt spacing 

C-C (m) 

Shotcrete 

thickness (cm) 

Mesh Surface 

support  

Bolts in 

failure 

1165/A NMX 2 7 No Shotcrete has 

fallen out 

with the rock 

material. 

5 

Note: Data is taken from Sturk (2014d) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

5.9 Event 9- 22nd of July 2014. Y: 1950 

On the 22nd of July 2014, one event with magnitude 1.0 occurred. One small damage was 

found on level 935 m. In 

Table 5.9.1, information of the event suspected to have caused the damage is listed. In Figure 

5:17 and Figure 5:18, the orientation of the damages and the source is presented.
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Figure 5:17- Vertical view of the damaged area, from Sturk (2014c). Orange circle indicates the damage. Green circle indicates 

the source.  

Figure 5:18 - Top view over the damaged area, from Sturk (2014c). Orange circle indicates the damage. Green circle indicates 

the source.

Table 5.9.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2014-07-22 

16:10 

1.0 6.8 

Note: Data is taken from Sturk (2014c). 

In Table 5.9.2, the damage is briefly described.  

Table 5.9.2 - Damage description.  

Damage 

site 

Damage 

area 

Crosscut 

number 

Location of 

damage 

Damage 

level 

Normalized 

relative vertical 

distance to 

production level 

Production 

level (m) 

935/A Crosscut South of 

193 

L1+R1 S2 0 

 

935 

Note: Locations of damage and damage level are estimated from photos and maps from Sturk (2014c). 

The installed support system, and the damage it sustained, is described in Table 5.9.3 .  



Event 10 - 25th of December 2014. Y: 3450  63 

63 
 

Table 5.9.3 - Support system used at the damage site and its damage state. 

Damage 

site 

Support system Damage state 

Bolt type Bolt 

spacing C-C 

(m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support  

Bolts in 

failure 

993/A Cable 1 20 No  Shotcrete 

has fallen 

out with the 

damaged 

rock. 

Shotcrete 

was cracked 

up around 

the fall out.  

1 

Note: Data is taken from Sturk (2014c) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

5.10 Event 10 - 25th of December 2014. Y: 3450 

On the 25th of December 2014, one event with magnitude 1.88 occurred.  Damages were 

found on level 1022 m and 1051 m. In Table 5.10.1, information of the event suspected to 

have caused the damage is listed. In Figure 5:19, Figure 5:20, Figure 5:21 and Figure 5:22, the 

orientation of the damages and the source is presented.

 

Figure 5:19- Top view over the damaged area at level 1022 m. Black circles filled with red, indicate the damages. The star 

indicates the location of the source. The “N”, North arrow, indicates north in the mine’s coordinate system.
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Figure 5:20 - Vertical view of the damaged area at level 1022 m. Black circle filled with red, indicates the damage. The star 

indicates the location of the source.  

 

 

Figure 5:21- Vertical view of the damage at 1051/A. Black circles filled with red, indicate the damages. The star indicates the 

location of the source.  
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Figure 5:22 - Top view over the damaged area at damage 1051/A. Black circle filled with red, indicates the damage. The star 

indicates the location of the source. The “N”, indicates north in the mine’s coordinate system.

Table 5.10.1- Events suspected to have caused damage. 

Date and time Magnitude Es/Ep 

2014-12-25 

01:56 

1.88 28 

Note: Data is taken from Sturk (2015d). 

In Table 5.10.2, the damages are briefly described. At level 1022 m, two different types of 

damages were identified. These two are treated separately. 

Table 5.10.2 - Damage description.  

Damage  

site 

Damage  

area 

Crosscut 

number 

Locationof  

damage 

Damage  

level 

Normalized 

relative vertical 

distance to 

production level 

Production 

level (m) 

1022/A Footwall 

drift 

North of 

342 

R1 S2 0 1022 

1022/B Footwall 

drift 

Between 

342 and 

344 

L1+R1 S5 0 1022 

1051/A Footwall 

drift 

Between 

341 and 

343  

R1+R2 S2 1 1022 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2015d). 

The installed support system, and the damage it sustained, is described in Table 5.10.3.  
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Table 5.10.3 - Support system used at the damage site and its damage state. 

Damage 

site 

Support system Damage state 

Bolt type Bolt 

spacing 

C-C (m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface support  Bolts in 

failure 

1022/A Swellex 

Mn24 

1 7 No Mesh was torn up at 

its installation 

boundary. Shotcrete 

has fallen out with 

rock. 

7 

Cable Selective 

1022/B Swellex 

Mn24 

1 7 No Complete collapse. Over 100 

1051/A Swellex 

Mn24 

1 7 Yes Mattressing visible.  0 

Note: Data is taken from Sturk (2015d), LKAB (2015d) and was complemented by interview with Håkan Krekula, 

LKAB on 20 May 2016. The components of the support system are described in chapter 4.6. 

5.11 Event 11 - 1st of August 2015. Y: 3450 

On the 1st of August 2015, one event with magnitude 1.1 occurred. Multiple damages were 

found. Only the larger one at level 1051 m is analysed. In Table 5.11.1 information of the 

event suspected to have caused the damage is listed. In Figure 5:23 and Figure 5:24, the 

orientation of the damages and the source is presented.

 

Figure 5:23- Vertical view over the damaged area, from Sturk (2015g). Black circle indicates the damage. Orange circle 

indicates the source. 
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Figure 5:24- Horizontal view over the damaged area, from Sturk (2015g). Back circle indicates the damage. Orange circle 

indicates the source.

 

Table 5.11.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2015-08-01 

14:00 

1.1 11 

Note: Data is taken from Sturk (2015a). 

 

In Table 5.11.2, the damage is briefly described.  

Table 5.11.2 - Damage description.  

Damage  

site 

Damage  

area 

Crosscut 

number 

Location 

of  

damage 

Damage  

level 

Normalized relative 

vertical distance to 

production level 

Production 

level (m) 

1051/A Cross 

cut 

343 R1+R2 S3 0 

 

1051 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2015g). 

 

The installed support system, and the damage it sustained, is described in Table 5.11.3.  

Table 5.11.3 - Support system used at the damage site and its damage state. 

Damage site Support system Damage state 

Bolt type Bolt spacing 

C-C (m) 

Shotcrete 

thickness (cm) 

Mesh Surface 

support  

Bolts in 

failure 

1051/A NMX  1.5 20* No  Large blocks 

of shotcrete 

fell out.  

7* 

Note: Data is taken from Sturk (2015g) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

*Estimated from pictures. 
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5.12 Event 12 - 29th of August 2015. Y: 2300 

On the 29th of August 2015, one event with magnitude 1.2 occurred. One small damage was 

found on level 1022 m. In Table 5.12.1, information of the event suspected to have caused the 

damage is listed. In Figure 5:25 and Figure 5:26, the orientation of the source and the damage 

is presented.

 

Figure 5:25- Vertical view of the damaged area, from 

Sturk (2015e). Orange circle indicates the damage. Yellow 

circle indicates the source.  

 

Figure 5:26 - Horizontal view over the damaged area, 

From Sturk (2015e). Red circle indicates the damage. 

Orange circle indicates the source.  

 

Table 5.12.1- Event suspected to have caused damage.  

Date Magnitude Es/Ep 

2015-08-29 1.2 20 

Note: Data is taken from Sturk (2015e). The time for this event is not noted. 

In Table 5.12.2, the damage is briefly described.  

Table 5.12.2 - Damage description.  

Damage  

site 

Damage  

area 

Crosscut 

number 

Location 

of  

damage 

Damage  

level 

Normalized 

relative 

vertical 

distance to 

production 

level 

Production 

level (m) 

1022/A Cross cut 229 R2 S3 0 

 

1022 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2015e). 

The installed support system, and the damage it sustained, is described in Table 5.12.3.  
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Table 5.12.3 - Support system used at the damage site and its damage state. 

Damage 

site 

Support system Damage state 

Bolt type Bolt 

spacing C-C 

(m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support  

Bolts in 

failure 

1022/A NMX or 

NMX 

Dynamic 

1.5 10 No Shotcrete 

has fallen 

out with 

some rock 

material. 

No cracks 

are seen 

outside the 

damage. 

3-5* 

Note: Data is taken from Sturk (2015e) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

*Number of bolts in failure was not noted during the damage mapping. It is estimated from pictures. 

5.13 Event 13 - 4th of September 2015. Y: 2300  

On the 4th of September 2015, one event with magnitude 0.8 occurred. One small damage 

was found on level 1022 m. In Table 5.13.1, information of the event suspected to have 

caused the damage is listed. In Figure 5:27 and Figure 5:28, the orientation of the source and 

the damage is presented. 

 

Figure 5:27- Vertical view of the damaged area, from Sturk (2015f). Orange circle indicates the damage. Green circle indicates 

the source. 
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Figure 5:28- Top view over the damaged area, from Sturk (2015f). Orange circle indicates the damage. Green circle indicates 

the source.  

Table 5.13.1- Event suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2015-09-04 

19:41 

0.8 7.3 

Note: Data is taken from Sturk (2015f). 

In Table 5.13.2, the damage is briefly described.  

Table 5.13.2 - Damage description.  

Damage  

site 

Damage  

area 

Crosscut 

number 

Location 

of  

damage 

Damage  

level 

Normalized relative 

vertical distance to 

production level 

Production 

level (m) 

1022/A Footwall 

drift 

Next to 

229 

L2 S3 0 

 

1022 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2015f). 

The installed support system, and the damage it sustained, is described in Table 5.13.3. 
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Table 5.13.3 - Support system used at the damage site and its damage state. 

Note: Data is taken from Sturk (2015f) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

5.14 Event 14 – 17th of September 2015. Y: 2600 

On the 17th of September 2015, one large event with magnitude 2.1 and two smaller events 

occurred. Damages were found on 1020 m, 1050 m, 1108 m and 1250 m. In Table 5.14.1, 

information of the events suspected to have caused the damages is listed. In Figure 5:29 and 

Figure 5:29, the orientation of the damages and the source is presented. An area with 

crushed/low quality rockmass is identified, by mapping of drill cores, in the nearby area on 

level 1051, seen in Figure 5:31.

Damage 

site 

Support system Damage state 

Bolt type Bolt 

spacing C-C 

(m) 

Shotcrete 

thickness 

(cm) 

Mesh Surface 

support  

Bolts in 

failure 

1022/A NMX or 

NMX 

Dynamic 

None 7 No Shotcrete 

ejected 

with rock. 

Damage on 

boundary to 

mesh. 

0 



72  CHAPTER 5. Compilation of data 

 
 

 

Figure 5:29- Vertical view of the damaged area, adapted from Sturk (2015c).  

Note: Damage A= Damage 1020/A, Damage B= Damage 1050/A, Damage C= 1108/A and Damage E= 1250/A. Red 

circles indicate the damages, which are marked with letters. Orange circle indicates the location of the biggest 

seismic event, of magnitude 2.11. The green circles mark the locations of smaller seismic events. Damage D is not 

analysed due to lack of data. 
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Figure 5:30 - Horizontal view over the damaged area, from Sturk (2015c).  

Note: Damage A= Damage 1020/A, Damage B= Damage 1050/A, Damage C= 1108/A and Damage E= 1250/A. Red 

circles indicate the damages, which are marked with letters. Orange circle indicates the location of the biggest 

seismic event, of magnitude 2.11. The green circles mark the locations of smaller seismic events. Damage D is not 

analysed due to lack of data. 
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Figure 5:31 – A crushed/low quality rockmass is marked with red stripes. The location of damage at 1108/A is marked with a 

black circle. Sturk (2015c). 

Table 5.14.1- Events suspected to have caused damage.  

Date and time Magnitude Es/Ep 

2015-09-17 13:43 0.54 - 

2015-09-17 13:30 2.11 9.1 

2015-09-17 13:30 0.94 - 

Note: Data is taken from Sturk (2015c). 

In Table 5.14.2, the damages are briefly described.  

Table 5.14.2 - Damage description.  

Damage  
site 

Damage  
area 

Crosscut 
number 

Location 
of  

damage 

Damage  
level 

Normalized relative 
vertical distance to 

production level 

Production 
level (m) 

1022/A Footwall 
drift 

Between 
261 and 

264 

R1 S2 -1 1051 
 

1051/A Footwall 
drift 

Between 
270 and 

272 

R1 S3 0 1051 

1108/A Footwall 
drift 

Next to 
260 

- S3 2 1051 

1250/A Footwall 
drift 

Next to 
shaft 
261 

R2 S2 7 1051 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2015c). 

 The installed support system, and the damage it sustained, is described in Table 5.14.3.  
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Table 5.14.3 - Support system used at the damage site and its damage state. 

Damage 
site 

Support system Damage state 

Bolt type Bolt 
spacing 
C-C (m) 

Shotcrete 
thickness 
(cm) 

Mesh Surface support  Bolts in 
failure 

1020/A Swellex  
Mn24 

1 - Yes Damage 
occurred at the 
overlap. The 
mesh was 
installed down 
to 
approximately 
50 cm from the 
floor. 

- 

1050/A Swellex 
Mn24 

1 - Yes Mesh lost 
function at 
overlap. 

- 

1108/A Dynamic 1 - Yes Damage 
occurred under 
the mesh. 

- 

1250/A - - Yes. 
Unknown 
thickness 

No Shotcrete has 
fallen loose with 
the rock. 

- 

Note: Data is taken from Sturk (2015c) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 

Large fallouts in a nearby ore pass were observed by laser scanning, after the event. The 

source was located at a possible pillar between the ore passes, see Figure 5:32. 

 

Figure 5:32- Scanning of the ore passes, taken from Sturk (2015b). 
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5.15 Event 15 – 24th of September 2015.  Y: 2900 

On the 24th of September 2015, four events with the magnitude larger than 0.4 occurred 

during the night and early morning. The largest magnitude reached 2.1. Damages were found 

on 1108 m and in multiple areas on 1137 m. In Table 5.15.1, information of the event 

suspected to have caused the damage is listed. In Figure 5:33 and Figure 5:34, the orientation 

of the damages and the source is presented. This work will only cover four of these damages, 

due to lack of data. 

 

Figure 5:33- Vertical view of the damaged area, from Sturk (2015b). Red circles indicate the damages. Green circles indicate 

smaller events. Orange circle indicates the largest event. 

 

 

Figure 5:34 - Top view over the damaged area, from Sturk (2015b). Red circles indicate the damages. Orange circle indicates 

the largest event. Green circle indicates smaller events. 
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Table 5.15.1- Events suspected to have caused damage. 

Date and time Magnitude Es/Ep 

2015-09-24  

06:06 

0.95 - 

2015-09-24  

00:08 

0.4 - 

2015-09-24 

00:04 

0.45 - 

2015-09-24  

00:04 

2.09 9.3 

Note: Data is taken from Sturk (2015b). 

In Table 5.15.2, the damages are briefly described. 

Table 5.15.2 - Damage description.  

Damage 

site 

Damage 

area 

Crosscut 

number 

Location of 

damage 

Damage 

level 

Normalized 

relative vertical 

distance to 

production level 

Production 

level (m) 

1137/Shaft 

301 

Other - L1+R1 S4 3 

 

1051 

1137/O286 Footwall 

drift 

- R1 S4 3 1051 

1137/O286-

O288 

Footwall 

drift 

- R1 S4 3 1051 

1108/A Footwall 

drift 

- R1 S1 2 1051 

Note: Locations of the damage and damage level are estimated from photos and maps from Sturk (2015b). 

The installed support system, and the damage it sustained, is described in Table 5.15.3.  
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Table 5.15.3 - Support system used at the damage site and its damage state. 

Damage 

site 

Support system Damage state 

Bolt type Bolt spacing C-C (m) Shotcrete 

thickness 

(cm) 

Mesh Surface 

support  

Bolts 

in 

failure 

1137/ 

Shaft 

301 

No bolts  - 7 No Shotcrete 

fell out 

with rock 

material. 

- 

1137/ 

O286 

NMX Dynamic 1 10 Yes Mesh has 

fallen out 

with 

shotcrete 

and rock 

material. 

12 

Cable Selective 3 

1137/ 

O286-

O288 

NMX Dynamic 1 10 Yes Mesh is 

torn off.  

Straps is 

also 

installed. 

5 

Cable Selective 4 

1108/A Swellex Mn24  1  10 Yes Shotcrete 

was 

cracked. 

Mesh has 

opened 

up at the 

overlap. 

Fjällband 

is also 

installed.  

0 

NMX or NMX 

Dynamic 

1 

Note: Data is taken from Sturk (2015b) and was complemented by interview with Håkan Krekula, LKAB on 20 May 

2016. The components of the support system are described in chapter 4.6. 
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6 Analysis 

The mining induced stresses were obtained from a Map3D (2015) model created by 

Mäkitaavola (2011). This is a global model of the mine, in 3D, with multiple mining steps 

considered. The numerical model only takes account for the excavation of the ore, no other 

developments such as drifts or shafts. The model was calculated with a linearly elastic 

material, which implies that the material cannot yield. In order to assess the effect of the 

mining induced stresses on drifts, a circular excavation in an infinite medium is assumed and 

thereby Kirsch’s simplified solution, Eq 4.8.7a and Eq 4.8.7b, can be used. To check the risk of 

spalling or similar stress-induced fracturing, the maximum boundary stresses along the 

tangential direction in the plane of the cross-section and in the longitudinal direction are 

compared to the Uniaxial Compressive Strength (UCS). However, the exact rock type is often 

not specified in the damage mapping nor on the geological maps, therefore a large span often 

has to be assumed for the UCS. Kaiser et al. (1996) mentioned that a ratio of 𝜎𝑚𝑎𝑥/UCS over 

0.3 implies a risk of brittle failure, and a ratio over 0.65 implies a risk for strainbursting. 

The surrounding geology was investigated based on LKAB’s geological mapping. The area was 

checked for any clay zones or weak zones to assess if the true stresses could potentially be 

affected by this, since such geological features were not included in the numerical model.  

Further calculations were conducted to investigate the ground motions at the damage. This 

was done by calculating the distance between the damage and source, which is translated into 

PPV (Peak Particle Velocity) using scaling laws. The PPV is then used to calculate the dynamic 

stress increment, which is affecting the stresses on the boundary of the excavation. 

In Chapter 3.3, two different formulae of the PPV are presented. One was created and 

calibrated for the Kiirunavaara mine by IMS (C. du Toit et al., 2012), and another one is 

commonly used by researchers and has been calibrated, by Kaiser et al. (1996), by fitting the 

data from many mines over the world. These two are, in this report, designated: “IMS PPV” 

and “Kaiser PPV”. The dynamic stress increment was calculated by using IMS PPV, since it is 

calibrated for the Kiirunavaara mine. This relationship is described in Chapter 3.3. The 

constant C, used in the PPV formulation by Kaiser et al. (1996) depends on the stress drop of 

the source. Therefore, the average stress drop for seismic events larger than magnitude 0.4, 

was calculated, from stress drops in the seismic data base. This resulted in an average stress 

drop of approximately 1.2 MPa. C was set to 0.1, which is recommended by Kaiser et al. (1996) 

for stress drops under 5 MPa with a confidence level of 50 % for the PPV.  

The raw data, calculated values, figures, pictures, etc. was analysed and a possible failure 

mechanism was suggested for each damage. 

When photos or pictures are mentioned but not presented, they are to be found in the 

damage mapping or in the photo database used for this work. 
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6.1 Event 1 - 1st of August 2011. Y: 3350 

Static conditions 

The obtained boundary stresses were considered to be moderate. These stresses may pose a 

risk for spalling. Since the drift is striking in the northeastern direction, the stresses are 

calculated both for the case where the drift is heading east-west as well as north-east. For the 

east-west case, there is a risk for spalling and strainbursting. For the north-south case, there is 

a low risk for spalling. Since the material is specified as SP and the exact rock type is not 

known, the UCS is set to high 400 MPa and low 200 MPa. The ratios imply high risk of 

strainbursting when UCS is low, and a risk of spalling when UCS is high. The static stress 

conditions are presented in Table 6.1.1. 

Table 6.1.1 – Static stress conditions at the damage sites. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

993/A 

(Striking 

north-

south) 

55 19 10 12 47 60 0.3 0.15 

993/A 

(Striking 

east- 

west) 

55 19 10 12 155 - 0.78 0.39 

Dynamic conditions 

Overall the PPV and dynamic stresses, presented in Table 6.1.2, are relatively high compared 

to the other damages analysed. 

Table 6.1.2 – Dynamic conditions. 

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser 

PPV 

[m/s] 

Dynamic stress [MPa] 

993/A 09:01:04 9 0.19 0.06 8 

Note: Calculated at coordinates given in Sturk (2011a) using seismic parameters. 

When analysing the picture of the damage, horizontal displacement is apparent. The ejection 

distance is estimated to be 3 meters, based on observations from the photograph. The results 

are presented in Table 6.3. 
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Table 6.3 – Ejected distance and ejection velocity. 

Damage site Maximum ejection 

distance [m] 

Height of 

ejected 

rock [m] 

Ejection angle 

[degrees] 

Comment on 

ejection angle  

Maximum 

ejection 

velocity 

[m/s] 

993/A 3 4 0 Assumed to 0, to 

keep the 

approximation 

conservative. 

3.4 

Note: The ejection velocity is calculated according to Eq 4.4.3d. The height of ejected rock and maximum ejected 

distance is estimated from the picture. 

Analysis 

The stresses in the area are moderate to high, and there is a risk of spalling depending on 

what rock properties are assumed. Seen in the picture, the damage is very shallow and the 

material on the floor consists of small and flat rock pieces, which indicate stress-induced 

fracturing. 

There are clear signs of ejection, and the damage mechanism is thereby concluded to be 

bulking with ejection or ejection due to seismic energy transfer. This fallout could most likely 

have been prevented by installing mesh. 

Table 6.1.4 - Summary of damage. 

Damage site Damage 

mechanism 

Geological 

condition 

Damage level Support type Damage at 

the 

intersection 

993/A Bulking with 

ejection or 

ejection due to 

seismic energy 

transfer 

Hard S2 1 No 
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Figure 6:1 – Illustration of damage location (vertical view). Damage A is marked with red circle. The seismic source is marked 

with red star.  

 

Figure 6:2 - Illustration of damage location (top view). Damage A is marked with red circle. The seismic source is marked with 

red star.  

6.2 Event 2 - 7th of September 2011. Y: 2500 

Static conditions 

Relatively high boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as ore the UCS is set to 133 MPa. The ratios 

imply high risk of strainbursting. The results are presented in Table 6.2.1. 

Table 6.2.1 – Static stress conditions at the damage sites. 

Damage 
site 

𝝈𝟏  
[MPa] 

𝝈𝟐  
[MPa] 

𝝈𝟑  
[MPa] 

Angle 𝝈𝟏 
[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 
𝝈𝜹𝒎𝒂𝒙 
[MPa] 

𝝈𝒎𝒂𝒙/UCS 
[Ore] 

964/A 110 32 21 16 75 115 0.86 
964/B 110 32 21 16 75 115 0.86 
964/C 110 32 21 16 75 115 0.86 

Dynamic conditions 

The calculated values, presented in Table 6.2.2, indicate relatively high PPV and dynamic stress 

for the event suspected to cause damage, compared to the other damages analysed.  
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Table 6.2.2 – Dynamic conditions. 

Damage site Time Distance from 
damage to 
source [m] 

IMS PPV [m/s] Kaiser 
PPV [m/s] 

Dynamic stress [MPa] 

964/A 01:25:48 12 0.14 0.12 6 

964/B 01:25:48 12 0.14 0.12 6 

964/C 01:25:48 12 0.14 0.12 6 

Note: Calculated at coordinates given in Sturk (2011a) using seismic parameters. 

There are no clear signs of horizontal displacement of the material for any of the three 

damages. Thereby the maximum ejected velocity is assumed to be 0. 

Analysis 

Damages 964/A, 964/B and 964/C show no signs of ejection. The failure surface is very rough 

and there is no sign of stress-induced fractures on the damage surface nor in the rock masses. 

There are many natural structures crossing the damage and it seems that the rockfall is mainly 

driven by gravity. The damage mechanism for damage 964/A, 964/B and 964/C is thereby 

concluded to be rockfall due to seismic shaking. 

Table 6.2.3 - Summary of damage. 

Damage 
site 

Mechanism Geological 
condition 

Damage 
level 

Support 
type 

Damage at the 
intersection 

964/A Rockfall due to 
seismic shaking 

Hard S4 1 No 

964/B Rockfall due to 
seismic shaking 

Hard S4 1 No 

964/C Rockfall due to 
seismic shaking 

Hard S4 1 Yes 

 

 

Figure 6:3 - Illustration of damage location (vertical view). The damages are marked with red circles. The source is marked with 

red star.  
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Figure 6:4 – Illustration of damage location (top view). The damages are marked with red circles. The source is marked with 

red star.  

Note: The exact location of the source along “X?” -axis is unknown, it may differ a couple of meters along the 

axis. 

 

6.3 Event 3 - 20th of April 2012. Y: 2900 

Static conditions 

High boundary stresses were obtained. Since the material is specified as SP and the exact rock 

type is not given, the UCS is set to high as 400 MPa and low as 200 MPa. These stress/UCS 

ratios imply high risk of spalling for both situations when rock has high or low strength. The 

results are presented in Table 6.3.1. 

Table 6.3.1 - Static stress conditions at the damage sites. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1022/288 85 38 10 0 105 100 0.52 0.26 

1022/291 85 38 10 0 105 100 0.52 0.26 

Dynamic conditions 

The calculated PPV’s, presented in Table 6.3.2, indicate a wide spread between the different 

formulations of PPV. Overall the PPV’s and dynamic stresses are relatively high compared to 

the other damages analysed.  
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Table 6.3.2 – Dynamic conditions. 

Damage site Time Distance from 

damage to 

source [m] 

IMS PPV [m/s] Kaiser 

PPV 

[m/s] 

Dynamic stress [MPa] 

1022/288 01.25.48 37 0.09 0.05 4 

1022/291 01.25.48 18 0.22 0.11 9 

Note: Calculated at coordinates given in Sturk (2012b) using seismic parameters. 

 

When investigating pictures of the damages, it is clear that damage 1022/288 has not been 

ejected. Damage 1022/291 shows clear sign of ejections. The ejected distance is estimated to 

be 2 meters. The results are presented in Table 6.3. 

Table 6.3 – Ejected distance and ejection velocity. 

Damage site Maximum ejected 

distance [m] 

Height of 

ejected 

rock [m] 

Ejection angle 

[degrees] 

Comment on 

ejection angle  

Maximum 

ejection 

velocity [m/s] 

1022/288 0 - - - - 

1022/291 2 4 -45 In the same 

direction as 

the incoming 

wave. 

4.5 

Note: The ejection velocity is calculated according to Eq 4.4.3d. The height of ejected rock and maximum ejected 

distance is estimated from the picture. 

Analysis 

For damage 1022/291 the damage mechanism is concluded to be bulking with ejection or rock 

ejection due to seismic energy transfer, as there are clear signs of ejection. 

Light bagging is visible next to damage 1022/288, which indicates bulking. No ejection has 
occurred, and the damage consists of a very thin slab of rock. This indicates that the damage 
mechanism is bulking without ejection. 

Table 6.3.4 – Summary of damage. 

Damage site Mechanism Geological 
condition 

Damage level Support type Damage at 
the 

intersection  

1022/291 Bulking with 
ejection or 

Rock ejection 
due to seismic 

energy 
transfer 

Hard S4 2 Yes 

1022/288 Bulking 
without 
ejection 

Hard S2 2 No 
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Figure 6:5 – Illustration of damage location (vertical view). Damage is marked with a red circle. The seismic source is marked 

with red star. 

 

Figure 6:6 – Illustration of damage location (vertical view). Damages are marked with red circles. The seismic source is marked 

with red star. 
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Figure 6:7 – Illustration of damage location (top view). Damages are marked with red circles. The seismic source is marked 

with red star.  

6.4 Event 4 – 13th of August 2012. Y: 2250 

Static conditions 

High boundary stresses were obtained. These stresses may be a risk for severe spalling or 

strainbursting. Since the material is specified as ore, the UCS is set to 133 MPa. The stress to 

UCS ratio achieved is impossible to reach since the stresses are 2.4 times larger than the actual 

unconfined strength of the material. The rock mass would, in practice, yield and fracture 

before these stresses are reached. The geology is overall considered as hard rock judged from 

LKAB’s geological maps, since no zones of crushed or low quality rockmass or clay exists in the 

vicinity. 

Table 6.4.1 – Static stress conditions at the damage site. 

Damage site 𝝈𝟏  

[Mpa] 

𝝈𝟐  

[Mpa] 

𝝈𝟑  

[Mpa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[Mpa] 

𝝈𝜹𝒎𝒂𝒙 

[Mpa] 

𝝈𝒎𝒂𝒙/UCS  

[Ore] 

935/Y2220-

Y2237 

110 40 15 0 315 88 2.4 

Dynamic conditions 

Overall the PPV and dynamic stress, presented in Table 6.4.2, is relatively high compared to 

the other damages analysed. 
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Table 6.4.2 – Dynamic conditions.  

Damage site Time Distance from 

damage to 

source [m] 

IMS PPV [m/s] Kaiser PPV 

[m/s] 

Dynamic stress [MPa] 

935/Y2220-Y2237 07:36 11 0.25 0.22 10 

Note: Calculated at coordinates given in Sturk (2012a) using seismic parameters. 

No clear sign of ejection is visible for damage 935/Y2220-Y2237, and the ejection velocity is 

therefore assumed to be 0. 

Analysis 

The source is located only 10 meters from the damage. This distance is very small, and the 

damage could actually be a part of the source. This assumption is supported by the Es/Ep ratio, 

which is as low as 2.3 indicating the source being a tensile failure, which tends to occur close 

to the surface of excavations. The static stresses in the area are extremely high, which indicate 

the damage mechanism to be bulking. Bulking being the damage mechanism is also supported 

by the rockfall which consists of thin sliced rock pieces, and the bagging occurred at the wall 

which could be seen in the picture of the damage. The damage mechanism is therefore 

concluded to be bulking without ejection. 

Table 6.4.3 – Summary of damage 2012-08-13.  

Damage site Mechanism Geological 
condition 

Damage level Support type Damage at 
the 

intersection  

Y2220-2237 Bulking without 
ejection 

Hard S3 3 Partly 

 

Table 6.4.4 – Damage description.  

Damage 

site 

 

Cross-section Top view 

Y2220-

2237 

 

 

Note: Distances between event and damages are illustrated. 
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6.5 Event 5 – 12th of July 2013. Y: 2900 

Static conditions 

High boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as SP and the exact rock type is not given, the 

UCS is set to high as 400 MPa and low as 200 MPa. The stress/UCS ratio implies high risk of 

spalling when the UCS is low. The results are presented in Table 6.1.1. 

Table 6.5.1 – Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1022/A 110 36 20 30 88 118 0.59 0.43 

1079/A 80 23 10 0 59 86 0.29 0.21 

Dynamic conditions 

Overall the PPV’s and dynamic stresses, presented in Table 6.5.2, are relatively low compared 

to the other damages analysed.  

Table 6.5.2 – Dynamic conditions. 

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser PPV 

[m/s] 

Dynamic stress [MPa] 

1022/A 14:18 82 0.03 0.08 1 

1079/A 14:18 103 0.02 0.06 1 

Note: Calculated at coordinates given in Sturk (2013) using seismic parameters. 
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Since damage 1022/A occurred in the same position as the previous damage on 20th May, 

2012, the seismic history is analysed in order to understand how events in the past could have 

affected this damage. The history is described in Table 6.5.3. 

Table 6.5.3- Seismic history for the point of interest.  

Note: 

PPV’s 

from 

each 

event are 

calculated for the position of the damage. Other damages occurred and related to the event is noted with its 

distance to the point of interest (1022/A). Only the historical seismic events which could generate PPV over 0.01 

m/s are considered in the analysis. “Damage in this report”, marks if the damage has been evaluated, and what 

name it is given, in this report. 

As seen in Table 6.5.3, there is reason to believe the past events could have been a 

contributing cause to the damage. Damages which occurred after 2013-07-12 might also be 

caused by high seismic activity in the area. 

The picture was further inspected. There are vague signs of horizontal displacement, it is 

however unclear if the blocks have rolled out or if they have been ejected.  

Date  

 

Magnitude PPV at 

damage 

1022/A 

Damage reported Damage in 

this report 

2015-09-24 2.09 0.05 Minor fall out. 110 

meters from 1022/A 

 

2014-12-26 1.13 0.02 No 
 

2014-05-29 2.07 0.04 Large fallout. 75 meters 

from 1022/A 

Event 7 

2013-11-30 1.01 0.02 No 
 

2013-07-12 2.25 0.08 Large fallout of blocks. 0 

meter from 1022/A 

Event 4 – 

1022 

2013-07-12 0.96 0.03 Large fallout of blocks. 0 

meter from 1022/A 

Event 4 – 

1022 

2013-02-25 0.7 0.03 No 
 

2013-02-06 1.31 0.03 No 
 

2012-05-01 1.02 0.03 No 
 

2012-04-20 1.71 0.09 Cracks observed, minor 

fallout occurred. 0 meter 

from 1022/A 

Event 3 – 

288 
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Table 6.4 – Ejected distance and ejection velocity. 

Damage site Maximum 
ejected 
distance [m] 

Height of 
ejected rock 
[m] 

Ejection 
angle 
[degrees] 

Comment on 
ejection 
angle  

Maximum 
ejection 
velocity 
[m/s] 

1022/A 1 4 30 In the same 
direction as 
the incident 
seismic wave 

1.2 

1079/A 0 - - - - 
Note: The ejection velocity is calculated according to Eq 4.4.3d. The height of ejected rock and maximum ejected 

distance is estimated from the picture. The ejected distance is measured for the fine fractured material and not 

for the large blocks, which could have rolled out. 

Analysis 

On 20th April 2012, a large seismic event caused damage in this area. Damage 1022/A occurred 

on 12th July 2013 is located at the same point as damage 1022/288, 20th of April 2012.  

The damage on 20th April 2012 was noted as a small rockfall. When further analysing the 

pictures from that damage, cracks can be found. These cracks are fit the damage profile at 

1022/A. In Table 6.5.5, two pictures are shown. In the picture from 2012-04-20, the cracks and 

other damages are marked with green. In the picture from 2013-07-12 the same lines are 

marked.  

As seen in Table 6.5.3 and Table 6.5.5, there could be a significant connection between 

damages and the seismic activity that has occurred in this area in the past. On 20th April 2012, 

the first major event occurred in the area. On this date an ejection was reported in the 

neighbouring drift to 288, as well as a detachment damage which is displayed in Table 6.5.5. 

The damage was minor, but deep fractures could have been created. This damage was 

followed by three smaller events, which did not generate any reported damage. These 

damages could have contributed to extended fracturing around damage occurred on 2013-07-

12.  

The conclusion from this is thereby that multiple loadings could have a large impact on the 

stability of a support system, and further research in the subject is needed in order to 

understand how to evaluate a support system after a seismic event. The majority of the fallen 

material is fractured in small pieces, indicating high stresses. These pieces appear near the 

excavation surface, while large blocks have fallen out from the surrounding rock mass. This 

indicates that bulking has been present at some distance into the rockmass. Based on the 

analyses, the damage is concluded to be bulking without ejection. 
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Table 6.5.5 – Comparison between damages on 2012-04-20 and 2013-07-12. 

2012-04-20 2013-07-12 

  
Note: The green line in the picture from 2012-04-20 highlights visible cracks. In the picture from 2013-07-12, the 

location of the cracks from 2012-04-20 is marked in order to visualise what effect they could have had on the 

fallout. Photo: LKAB 

 

Damage 1079/A is minimal, and has occurred in the area of the drift profile where the highest 

stresses have been calculated. There is visible mattressing of the mesh, and cracks in the 

shotcrete. Based on this the damage is concluded to be bulking without ejection. 

Table 6.5.6 - Summary of damages.  

 

Damage site Mechanism Geological 

condition 

Damage level Support type Damage at 

the 

intersection  

1022/A Bulking 

without 

ejection 

Hard S4 1 No 

1079/A Bulking 

without 

ejection 

Hard S3 2 No 
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Figure 6:8 – Illustration of damage location (vertical view). Figure not drawn to scale.  

 

 

 

Figure 6:9 – Illustration of damage location (Top view).  

6.6 Event 6 - 7th of February 2014. Y: 2200 

Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as QP (Rhyodacite), the UCS is estimated to be 

184 MPa. The geology is overall considered as hard rock, based on LKAB’s geological maps. 

The results are presented in Table 6.6.1. 
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Table 6.6.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙  

[MPa] 

𝝈𝒎𝒂𝒙/UCS 

(QP) 

935/A 110 40 15 30 290 88 1.58 

Dynamic conditions 

The PPV and dynamic stress, presented in Table 6.6.2, is low to moderate compared to the 

other damages analysed.  

Table 6.6.2 – Dynamic conditions. 

Note: Calculated at coordinates given in Sturk (2014b) using seismic parameters. 

The damage is analysed, and it is concluded that no ejection has taken place. The rock material 

on the ground has fallen straight down, and there are no signs of horizontal movement. 

Analysis 

The damage consists of a shoulder with signs of swelling and mattressing of the mesh, and 

some part where the support has failed. Some bolts have failed, which in turn has caused the 

mesh to fail and subsequent rockfalls. The damage has occurred in the area of the profile, 

which is most highly stressed. 

The damage mechanism is concluded to be bulking without ejection, due to the strong 

evidence such as mattressing, location of damage in the profile and magnitude of boundary 

stresses.  

Table 6.6.3 - Summary of damage 2014-02-07.  

Damage site Mechanism Geological 

condition 

Damage 

level 

Support type Damage at 

the 

intersection  

935/A Bulking 

without 

ejection 

Hard S3 2 Partly 

 

Damage site Time Distance from 

damage to source 

[m] 

IMS  PPV  [m/s] Kaiser  

PPV  [m/s] 

Dynamic stress [MPa] 

935/A 01:48 20 0.13 0.04 5 



Event 7 – 29th of May 2014. Y: 2950  95 

95 
 

 

Figure 6:10 – Illustration of damage location (vertical view). Damage is marked with a red circle. The seismic source is marked 

with red star. 

 

Figure 6:11 – Illustration of damage location (top view). Damage is marked with a red circle. The seismic source is marked with 

red star. 

6.7 Event 7 – 29th of May 2014. Y: 2950      

Static conditions 

A large range of boundary stresses is calculated. Most of these stresses may be a risk for 

spalling or even strainbursting. Since the material is specified as SP and the exact rock type is 

not given, the UCS is set to high as 400 MPa and low as 200 MPa. These stress/UCS ratios 

imply high risk of strainbursting when rock strength is low and high risk for spalling when rock 

strength is high. The results are presented in Table 6.7.1. 
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Table 6.7.1 - Static stress conditions at the damage sites. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1079/1a 80 35 30 0 210 60 1.05 0.53 

1079/1b 80 35 30 0 75 83 0.41 0.21 

1079/2 80 35 30 0 75 83 0.41 0.21 

1079/3 80 35 30 0 75 83 0.41 0.21 

1079/4 80 35 30 0 210 60 1.05 0.53 

1079/6 80 35 30 0 210 60 1.05 0.53 

1108/7 65 40 30 0 165 58 0.83 0.42 

1108/9 65 40 30 0 165 58 0.83 0.42 

1108/10 65 40 30 0 90 70 0.45 0.22 

Dynamic conditions 

Since the damages are assumed to be connected to two seismic events, further calculations 

are conducted to investigate if the assumption is correct.  

The two events are relatively far from each other, and therefore they are treated separately. 

In Table 6.7.2 the distance between each source and each damage is calculated.  

Table 6.7.2 - Calculated distances between sources and damages. 

Damage site Distance from damage to source [m] 

Seismic event occurred at 00:57 Seismic event occurred at 23:06 

1079/1a+1b 128 50 

1079/2 130 44 

1079/3 128 48 

1079/4 126 53 

1079/6 134 80 

1108/7 158 21 

1108/9 154 28 

1108/10 159 46 

Note: Distances was calculated from the coordinates given by Sturk (2014a) and seismic database. 

 

It is clear that the first event, which had the highest magnitude and the lowest distance to 

each damage, is the most critical. This event is therefore investigated further. The results are 

presented in Table 6.7.3. 
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Table 6.7.3 – Dynamic conditions.  

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser PPV 

[m/s] 

Dynamic stress [MPa] 

1079/1a+1b 23:06 50 0.07 0.09 3 

1079/2 23:06 44 0.09 0.10 3 

1079/3 23:06 48 0.08 0.09 3 

1079/4 23:06 53 0.07 0.08 3 

1079/6 23:06 80 0.04 0.06 2 

1108/7 23:06 21 0.20 0.21 8 

1108/9 23:06 28 0.15 0.16 6 

1108/10 23:06 46 0.08 0.10 3 

Note: Calculated at coordinates given in Sturk (2014a) using seismic parameters. 

When investigating the pictures of the damages, it is clear that none of them has been 

subjected to any ejection. Therefore, the ejection velocity is zero for all damages. 

Analysis 

At damage 1079/1a, no ejection has occurred. The stress/UCS ratio for the damage is 0.53, 

which indicates high risk of spalling. The damages have occurred in the most highly stressed 

area of the profile. The appearance of the damages in the photos shows signs of mattressing 

of the mesh. Based on this, the damage mechanism is concluded to be Bulking without 

ejection. 

At damage 1079/1b-wall, no ejection has occurred. There are some clear joint surfaces visible 

in the damage. The fallen out material is very blocky, and there is no sign of stress-fractured 

rock. Based on this analysis, the damage mechanism is concluded to be Rockfall due to seismic 

shaking. 

At damage 1079/1b-roof, no ejection has occurred. There are some clear joint surfaces visible 

in the damage. The fallen out material is very blocky, and there is no sign of stress-fractured 

rock. The fallout is considered to be mostly driven by the gravity. By this data, the damage 

mechanism is concluded to be Rockfall due to seismic shaking. 

At damage 1079/2, no ejection has occurred. There is no sign of stress-fractured rock. The 

damage is caused by a crossing joint plane creating a wedge. Because of this, the damage 

mechanism is concluded to be Rockfall due to seismic shaking. 

At damage 1079/3, deformations has occurred perpendicular to the shoulder. This is indicating 

that bulking is present behind the shotcrete. Therefore, the damage mechanism is concluded 

to be bulking without ejection. 

At damage 1079/4, deformations up to 20 cm into the drift was observed during damage 

mapping according to Swedberg et. al. (2014a). This indicates bulking without ejection being 

the damage mechanism, which thereby is concluded.  
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At damage 1079/6, a large wedge has fallen out. The wedge was due to crossing structures. 

The fallen out material consists of large blocks, and there is no stress-fractured rock visible. 

The rockfall was primarily driven by the gravity. Based on this, the damage mechanism is 

concluded to be Rockfall due to seismic shaking. 

At damage 1108/7, mattressing of the wall is visible. Three bolts failed locally. No ejection has 

taken place. Based on this, the damage mechanism is concluded to be Bulking without 

ejection. 

At damage 1108/9, there is no fall out. The support system remained stable. There is some 

bagging and mattressing visible. Based on this, the damage mechanism is concluded to be 

Bulking without ejection. 

At damage 1108/10, there are cracks and mattressing visible. There is no fall out. Based on 

this, the damage mechanism is concluded to be Bulking without ejection. 
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Table 6.7.4 - Summary of damages. 

Damage site Mechanism Geological 

condition 

Damage level Support type Damage at the 

intersection  

1079/1a Bulking 

without 

ejection 

Hard S2 2 Yes 

1079/1b wall Rockfall due to 

seismic 

shaking 

Hard S3 1 No 

1079/1b roof Rockfall due to 

seismic 

shaking 

Hard S3 1 No 

1079/2 Rockfall due to 

seismic 

shaking 

Hard S2 1 No 

1079/3 Bulking 

without 

ejection 

Hard S1 2 No 

1079/4 Bulking 

without 

ejection 

Hard S2 2 Partly 

1079/6 Rockfall due to 

seismic 

shaking 

Hard S4 2 No 

1108/7 Bulking 

without 

ejection 

Hard S2 2 Yes 

1108/9 Bulking 

without 

ejection 

Hard S2 2 No 

1108/10 Bulking 

without 

ejection 

Hard S2 2 Partly 

*Not enough damage to be classified. 
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6.8 Event 8 - 5th of July 2014. Y: 3400 
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Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as SP and the exact rock type is not given, the 

UCS is set to high value as 400 MPa and low value as 200 MPa. The stress/UCS ratios imply 

high risk of spalling when rock strength is low and high risk for strainbursting when rock 

strength is high. The results are presented Table 6.8.1. 

Table 6.8.1 - Static stress conditions at the damage site. 

 

Dynamic conditions 

Overall the PPV and dynamic stress, presented in Table 6.8.2, is low compared to the other 

damages analysed.  

Table 6.8.2 – Dynamic conditions.  

Damage site Time Distance from 

damage to 

source [m] 

IMS PPV [m/s] Kaiser 

PPV 

[m/s] 

Dynamic stress [MPa] 

1165/A 17:25:48 64 0.04 0.02 2 

Note: Calculated at coordinates given in Sturk (2014d) using seismic parameters. 

Judged by the picture of the damage, there is no ejection in this damage. Therefore the 

ejected velocity is assumed to be zero. 

Analysis 

There are no clear signs of ejection. The material is very blocky and there are structures 

crossing the damage surface. There is no sign of stress fractured rock pieces. Based on this, 

the damage mechanism is concluded to be Rockfall due to seismic shaking. 

To investigate how sensitive to failure this specific support is for shaking, the triggering PPV is 

calculated by using the equation from Kaiser et al. (1996), described in chapter 4.4. 

𝑝𝑠𝑢𝑝𝑝𝑜𝑟𝑡 =
200𝑘𝑁

4𝑚2
= 50

𝑘𝑁

𝑚2
 

𝑆𝐹𝑠 =
𝑆𝑡𝑎𝑡𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑆𝑡𝑎𝑡𝑖𝑐 𝐷𝑒𝑚𝑎𝑛𝑑
=

0

2800 ∗ 1.5 ∗ 10
+

50000

2800 ∗ 1.5 ∗ 10
=

50000

42000
= 1.19 

𝑝𝑝𝑣𝑇𝑟𝑖𝑔𝑔𝑒𝑟 =  
𝑔

2𝜋𝑓
(𝑚𝑑 ∗ 𝑆𝐹𝑠 − 𝑞) =

10

2𝜋10
(1.1 ∗ 1.19 − 1) = 0.049 m/s 

The triggering PPV was calculated to 0.049 m/s, by assuming 200 kN failure load for the rock 

bolt and a bolt spacing of 2 meters. The depth of failure was estimated to be 1.5 meter. The 

frequency, f, was assumed to be 10 hertz, in order to keep the calculation conservative. 𝑚𝑑 

and 𝑞 was chosen by the recommendations given in chapter 4.4. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1165/A 83 36 28 13 80 87 0.44 0.22 
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According to these calculations, a rockfall due to seismic shaking is very likely to occur at very 

low PPV’s. 

A damage of this type could probably have been prevented by decreasing the bolt spacing.  

Table 6.8.3 - Summary of damages. 

Damage site Mechanism Geological 

condition 

Damage level Support type Damage at 

the 

intersection  

1165/A Rockfall due to 

seismic 

shaking 

Hard S4 1 No 

 

 

 

Figure 6:12 - Illustration of the damaged area at level 1022 m (vertical view). Black ellipse filled with red, indicates the location 

of the damage. The red star indicates the location of the source.  
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Figure 6:13 – Illustration of the damage site at level 1022 m (top view). Black ellipse filled with red, indicates the location of 

the damage. The red star indicates the location of the source.  

6.9 Event 9 – 22nd of July 2014. Y: 1950 

Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as ore, the UCS is set to 133 MPa. The ratio 

implies high risk of spalling for the ore. The results are presented in Table 6.9.1. 

Table 6.9.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[Ore] 

935/A 101 27 3 15 300 76 2.25 

Dynamic conditions 

The PPV and dynamic stress, presented in Table 6.9.2, is normal compared to the other 

damages analysed.  

Table 6.9.2 – Dynamic conditions.  

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser PPV 

[m/s] 

Dynamic stress [MPa] 

993/A 16:10 20 0.07 0.04 3 

Note: Calculated at coordinates given in Sturk (2014c) using seismic parameters. 

By investigating the pictures of the damage, it is concluded that no ejection has taken place.  

Analysis 

There are no signs of ejection. The fallen material consists of small, stress fractured, rock 

pieces. The damage mechanism is concluded to be bulking without ejection. 

This damage was relatively small and could be prevented by installing mesh. 
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Table 6.9.3 – Summary of damage.  

Damage site Mechanism Geological 

condition 

Damage 

level 

Support type Damage at 

the 

intersection  

993/A Bulking 

without 

ejection 

Hard S2 1 Unknown 

 

 

Figure 6:14 – Illustration of damage location (vertical view). 

 

Figure 6:15 – Illustration of damage location (top view). 

6.10 Event 10 – 25th of December 2014. Y: 3450 

Static conditions 

Moderate boundary stresses were calculated. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as SP3, the UCS is set to 210 MPa. The ratios 

imply high risk of strainbursting. The geology is overall considered as hard rock judged from 

LKAB’s geological maps. Some crushed/low quality rockmass is however found in the nearby 
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area, which increases the risk of high stresses building up. The results are presented in Table 

6.1.1. 

Table 6.10.1 – Static stress conditions at the damage. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS    

[SP3] 

1022/A 60 40 30 10 150 55 0.71 

1022/B 60 40 30 10 150 55 0.71 

1051/A 60 30 20 5 160 50 0.76 

Dynamic conditions 

The calculated PPV’s, presented in Table 6.10.2, indicate a wide spread between the different 

formulations of PPV. Overall, the PPV’s and dynamic stresses, are relatively high compared to 

the other damages analysed.  

Table 6.10.2 – Dynamic conditions. 

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser PPV 

[m/s] 

Dynamic stress [MPa] 

1022/A 01:56 23 0.21 0.12 8 

1022/B 01:56 23 0.21 0.12 8 

1051/A 01:56 18 0.28 0.15 11 

Note: Calculated at coordinates given in Swedberg et al., (2016) using seismic parameters. 

When investigating the pictures, it is concluded that ejection has occurred in damage 1022/A. 

Damage 1022/B and 1051/A has not, however, experienced ejection. See 

Table 6.3 for results. 

Table 6.3 – Ejected distance and ejection velocity. 

Note: The ejection velocity is calculated according to Eq 4.4.3d. The height of ejected rock and maximum ejected 

distance is estimated from the picture. 

Damage site Maximum 

ejected distance 

[m] 

Height of 

ejected 

rock [m] 

Ejection angle 

[degrees] 

Comment on 

ejection angle  

Maximum 

ejection 

velocity [m/s] 

1022/A 3 3 -20 Perpendicular 

to shotcrete 

5.2 

1022/B 0 - - - - 

1051/A 0 - - - - 

Damage site Maximum 

ejected distance 

[m] 

Height of 

ejected 

rock [m] 

Ejection angle 

[degrees] 

Comment on 

ejection angle  

Maximum 

ejection 

velocity [m/s] 

1022/A 3 3 -20 Perpendicular 

to shotcrete 

5.2 

1022/B 0 - - - - 

1051/A 0 - - - - 
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Analysis 

For Damage 1022/A, there is an approximated horizontal displacement of up to 3 meters, 

which could have resulted in an ejection velocity of 5.2 m/s. Based on this, the damage 

mechanism is concluded to be bulking with ejection or ejection due to seismic energy transfer.  

At Damage 1022/B a wedge has fallen out. Since there is no clear sign of ejection nor stress 

induced fractures, the damage is concluded to be rockfall due to seismic shaking.  

This wedge has remained stable, until the nearby event on 25th December 2014. In the 

damage mapping report, it was noted that over 100 bolts were too short. The joint planes 

forming the wedge is in such direction that it should act as a directly gravitational rockfall 

without friction interacting on the joint planes.  

Since the depth of the wedge reached 13 meters in the roof, not even cable bolting, which 

normally is 7-8 meters long, could have anchored the whole wedge.  

The only way to avoid these damages is to conduct detailed structural (joint) mapping, 

followed up by a wedge analysis. If the risk of wedge instability is known, the bolting pattern 

and bolt specifications could be adjusted. 

For Damage 1051, no rock has fallen. The only thing to note is the mattressing. The damage 

mechanism is concluded to be Bulking without ejection. 

Table 6.10.4 - Summary of damages. 

Damage site Mechanism Geological 

condition 

Damage 

level 

Support type Damage at 

the 

intersection  

1022/1 Bulking with 

ejection 

Hard S2 1 Yes 

1022/2 Rockfall due to 

seismic 

shaking 

Hard S5 1 Yes 

1051 Bulking 

without 

ejection 

Hard S2 2 Partly 
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Figure 6:16 – Illustration of damage location (vertical view of damage 1022/1 and 1022/2).  

 

 

Figure 6:17 – Illustration of damage location (top view of damage 1022/1 and 1022/2, adapted from Swedberg et al., (2016)). 

Note: Damage 1022/1 and 1022/2 are part of the large rectangular area, which is marked with 700 m3. 
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Figure 6:18 – Illustration of damage location (vertical view of damage 1051).  

 

Figure 6:19 – Illustration of damage location (horizontal view of damage 1051).  

6.11 Event 11 - 1st of August 2015. Y: 3450 

Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as ore, the UCS is set to 133 MPa. The results are 

presented in Table 6.11.1. 

Table 6.11.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[Ore] 

1051/A 55 40 30 0 135 53 1.01 

Dynamic conditions 

Overall the PPV and dynamic stress, presented in Table 6.11.2, is relatively high compared to 

the other damages analysed.  
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Table 6.11.2 – Dynamic conditions. 

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser 

PPV [m/s] 

Dynamic stress [MPa] 

1051/A 14:00:09 28 0.18 0.14 7 

Note: Calculated at coordinates given in Sturk (2015g) using seismic parameters. 

Judging from the pictures, no ejection has occurred. There is a small horizontal displacement, 

but the material has probably just fallen down from the wall and it is not considered as 

ejected. Note that there are two damages in this location, but the one in the roof is not 

analysed due to lack of data. 

Analysis 

There are structures crossing the damage. According to the damage mapping noted in Sturk 

(2015g), some joints had opened up to 5 cm. The fallen material is blocky, without indications 

of stress induced fracturing. The damage mechanism is thereby concluded to be rockfall due 

to seismic shaking. 

The damage has occurred in an area with light support. The damage could be prevented by 

reducing bolt spacing and installing mesh.  

Table 6.11.3 - Summary of damages. 

Damage site Mechanism Geological 

condition 

Damage level Support type Damage at 

the 

intersection  

1051 Rockfall due to 

seismic shaking 

Hard S3 1 Yes 

 

 

Figure 6:20 – Illustration of damage location (vertical view). 
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Figure 6:21 – Illustration of damage location (top view). 

 

6.12 Event 12 - 29th of August 2015. Y: 2300 

Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as SP and the exact rock type is not given, the 

UCS is set to high as 400 MPa and low as 200 MPa. The stress/UCS ratios imply high risk of 

spalling when rock strength is low. The results are presented in Table 6.12.1. 

Table 6.12.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1022/A 25 20 0 50 60 35 0.30 0.15 

Dynamic conditions 

Overall the PPV and dynamic stress, presented in Table 6.12.2, is very low compared to the 

other damages analysed.  

Table 6.12.2 – Dynamic conditions.  

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser 

PPV [m/s] 

Dynamic stress [MPa] 

1022/A 14:18:55 64 0.01 0.01 1 

Note: Calculated at coordinates given in Sturk (2015e) using seismic parameters. 

There are no signs of ejection. The material has fallen straight down, thereby the ejection 

velocity is assumed to be zero.  
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Analysis 

In the report (Sturk, 2015e), it was mentioned that the ore contact was wider and consisted of 

many structures in the area of the fallout. In the pictures of the damage, there is some 

mattressing of the mesh visible. This indicates bulking having occured. There are also signs of 

stress fractured rock pieces. There is no sign of ejection, and the calculated stresses are very 

low. This together is indicating Rockfall due to seismic shaking to be the damage mechanism. 

The stress induced fracturing has most likely occurred before the production reached this 

depth, while the fallout occurred due to seismic shaking. 

Table 6.12.3 - Summary of damage. 

Damage site Mechanism Geological 

condition 

Damage 

level 

Support 

type 

Damage at 

the 

intersection  

1022/A Rockfall due to 

seismic 

shaking 

Hard S3 1 Yes 

 

Figure 6:22 – Illustration of damage location (vertical view).  
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Figure 6:23 – Illustration of damage location (top view). 

 

6.13 Event 13 - 4th of September 2015. Y: 2300 

Static conditions 

As can be seen in Table 6.13.1 on the mining induced stresses, there is nearly complete 

relaxation in this area of the rockmass. The production had, at the time, nearly passed the 

level of 1022 m and therefore the stresses have decreased drastically. However, the calculated 

boundary stresses may be a risk for spalling or strainbursting. Since the material is specified as 

SP and the exact rock type is not given, the UCS is set to high as 400 MPa and low as 200 MPa. 

The ratios imply risk of spalling when rock strength is low. The results are presented in Table 

6.13.1. 

Table 6.13.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1022/A 26 12 1 50 77 25 0.37 0.19 

Dynamic conditions 

Overall the PPV and dynamic stress, presented in Table 6.13.2, is moderate compared to the 

other damages analysed.  

Table 6.13.2 – Dynamic conditions. 

Note: 

Calculated at coordinates given in Sturk (2015f) using seismic parameters. 

There are signs of horizontal displacement. The ejected distance and the height is estimated, 

see Table 6.3. The ejection angle is chosen to give as low ejection velocity as possible to keep 

the calculation conservative. 

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV 

[m/s] 

Kaiser 

PPV 

[m/s] 

Dynamic stress [MPa] 

1022/A 19:41:33 15 0.07 0.04 3 
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Table 6.3 – Ejected distance and ejection velocity. 

Damage site Maximum ejected 

distance [m] 

Height of 

ejected 

rock [m] 

Ejection angle 

[degrees] 

Comment on 

ejection angle  

Maximum 

ejection 

velocity [m/s] 

1022/A 8 1 45 Chosen to give 

the lowest 

velocity  

8.4 

Note: The ejection velocity is calculated according to Eq 4.4.3d. The height of ejected rock and maximum ejected 

distance is estimated from the picture.  

Analysis 

According to the picture, the fall out material was ejected from the wall. The ejection velocity 

is estimated as 8.4 m/s, at an optimal ejection angle (45 degrees). By this, Bulking with 

ejection or Ejection due to seismic energy transfer is concluded to be the damage mechanism. 

This damage could be prevented by installing mesh further down the wall. 

Table 6.13.4 - Summary of damage. 

Damage site Mechanism Geological 

condition 

Damage level Support type Damage at 

the 

intersection  

1022/A Bulking with 

ejection or 

Ejection due to 

seismic energy 

transfer 

Hard S3 1 Yes 
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Figure 6:24 – Illustration of damage location (vertical view). 

 

 

 

Figure 6:25 – Illustration of damage location (top view). 

Note: Damage is located at the same spot as source in the x-y plane. 

 

6.14 Event 14- 17th of September 2015. Y: 2600 

Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. The stresses are basically the same at all damages. The difference however is 
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the angle of 𝜎1relative to the horizontal plane. 

Since the material is specified as SP and the exact rock type is not given, the UCS is set to high 

as 400 MPa and low as 200 MPa. The geology is overall considered as hard rock, and clay 

zones exist in the nearby area, judged from LKAB’s geological maps. This could increase the 

risk of high stresses building up. 

The stress-UCS ratios imply a risk for strainbursting. The results are presented in Table 6.14.1. 

Table 6.14.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1022/A 60 35 25 40 155 53 0.78 0.39 

1051/A 75 40 25 20 200 65 1.00 0.50 

1108/A 65 35 25 0 170 60 0.85 0.43 

1250/A 55 35 20 0 145 50 0.73 0.37 

Dynamic conditions 

Overall the PPV’s and dynamic stresses, presented in Table 6.14.2, are low compared to the 

other damages analysed.  

 Table 6.14.2 – Dynamic conditions. 

Note: Calculated at coordinates given in Sturk (2015c) using seismic parameters. 

Judged from the pictures, there is no sign of ejection for damage 1022/A, 1051/A and 1250/A. 

For damage 1108/A there is however some ejected material. The results are presented in 

Table 6.3. 

Damage site Time Distance from 

damage to source 

[m] 

IMS PPV [m/s] Kaiser PPV 

[m/s] 

Dynamic stress [MPa] 

1022/A 13:43 116 0.00 0.00 0 

 13:30 84 0.06 0.06 2 

 13:30 84 0.01 0.01 0 

1051/A 13:43 63 0.01 0.01 0 

 13:30 174 0.01 0.03 1 

 13:30 174 0.00 0.00 0 

1108/A 13:43 109 0.00 0.00 0 

 13:30 90 0.03 0.06 2 

 13:30 90 0.01 0.01 0 

1250/A 13:43 268 0.00 0.00 0 

 13:30 95 0.03 0.05 2 

 13:30 95 0.01 0.01 0 
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Table 6.3 – Ejected distance and ejection velocity. 

Damage site Maximum 

ejected distance 

[m] 

Height of 

ejected 

rock [m] 

Ejection angle 

[degrees] 

Comment on 

ejection angle  

Maximum 

ejection 

velocity 

[m/s] 

1022/A 0 - - - - 

1051/A 0 - - - - 

1108/A 3 1 45 Chosen to give 

the lowest 

velocity  

4.8 

1250/A 0 - - - - 

Note: The ejection velocity is calculated according to Eq 4.4.3d. The height of ejected rock and maximum ejected 

distance is estimated from the picture. 

Analysis 

For damage 1022/A and 1051/A, the location of the damage relative to the major principal 

stress direction indicated that the damages occurred in the most highly stressed areas. The 

appearance of the damages in the photos of damage 1022/A, shows signs of mattressing of 

the mesh. This indicates that Bulking without ejection is the damage mechanism.  

The rockfall has occured at a pre-existing hole in the mesh, which allowed some material to 

fall down in this particular area. This can be prevented by improving the installation quality of 

the support system.  

Damage 1051/A is a wedge-type fall out. There are visible joint planes in the damage surface. 

There are no signs of bagging or mattressing around the damage, nor stress-induced fractures 

at the damage site. The fall out could be considered to be primarily driven by gravity. Based on 

this, the damage mechanism is concluded to be rockfall due to seismic shaking.  

Wedge fallouts like this could be prevented by doing detailed structural (joint) mapping, 

followed up by a wedge analysis. If the risk of wedge instability is known, the bolting pattern 

and bolt specification could be adjusted. 

Damage 1108/A consists of spalled corners in a crossing, combined with floor heave. Ejection 

has occurred from the walls. Due to this, the damage is classified as bulking with ejection or 

ejection due to seismic energy transfer. 

Damage 1250/A has occurred in an area with no dynamic support, only shotcrete. There is no 

clear sign of ejection. The fallen material is very blocky, and there is no sign of stress-induced 

fracturing. Based on this, the damage mechanism is concluded to be rockfall due to seismic 

shaking. 
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Table 6.14.4 - Summary of damage. 

Damage site Mechanism Geological 

condition 

Damage level Support type Damage at 

the 

intersection  

1022/A Bulking 

without 

ejection 

Hard S2 2 Yes 

1051/A Rockfall due to 

seismic 

shaking 

Hard S3 2 Yes 

1108/A Bulking with 

ejection 

Hard, close to 

soft 

S3 2 Yes 

1250/A Rockfall due to 

seismic 

shaking 

Hard S2 1 No 

 

Table 6.14.5 – Illustration of damage location. 

Damage 

site 

 

Vertical view Top view 

1022/A                   

 
 

 
 

1051/A 
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1108/A 

 

 

 

1250/A 
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6.15 Event 15 – 24th of September 2015. Y: 2900 

Static conditions 

Moderate boundary stresses were obtained. These stresses may be a risk for spalling or 

strainbursting. Since the material is specified as SP and the exact rock type is not given, the 

UCS is set to high as 400 MPa and low as 200 MPa. The geology is overall considered as hard 

rock judged from LKAB’s geological maps. Damage 1137/ O288 is however close to a zone of 

weak rock. This may cause higher stresses in that area, than calculated figures from Map3D 

model in Table 6.15.1, as the soft zone was not included in the numerical model. The ratios 

imply high risk of spalling when rock strength is low. The results are presented in Table 6.15.1. 

Table 6.15.1 - Static stress conditions at the damage site. 

Damage 

site 

𝝈𝟏  

[MPa] 

𝝈𝟐  

[MPa] 

𝝈𝟑  

[MPa] 

Angle 𝝈𝟏 

[Degrees] 

𝝈𝑰𝑰
𝒎𝒂𝒙  

[MPa] 

𝝈𝜹𝒎𝒂𝒙 

[MPa] 

𝝈𝒎𝒂𝒙/UCS  

[low] 

𝝈𝒎𝒂𝒙/UCS 

[High] 

1137/ 

Shaft 

301 

75 35 25 0  

200 

- 1.00 0.50 

1137/ 

O286 

75 35 25 0 200 60 1.00 0.50 

1137/ 

O288-

O291 

75 35 25 0 200 60 1.00 0.50 

1108/A 75 40 20 0 205 68 1.03 0.51 

Dynamic conditions 

Overall the PPV’s and dynamic stresses, presented in Table 6.15.2, are relatively low compared 

to the other damages analysed. Compared to all events occurred during the day, it seems that 

the event occurred at 00:04b is the one most likely to cause damage. 
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Table 6.15.2 – Dynamic conditions.  

Damage site Time Distance from 

damage to 

source [m] 

IMS PPV [m/s] Kaiser 

PPV 

[m/s] 

Dynamic stress [MPa] 

1137/ 

Shaft 301 

06:06 177 0.00 0.00 0 

 00:08 105 0.00 0.00 0 

 00:04a 128 0.00 0.00 0 

 00:04b 62 0.05 0.09 2 

1137/ 

O286 

06:06 122 0.01 0.00 0 

 00:08 38 0.02 0.01 1 

 00:04a 98 0.00 0.00 0 

 00:04b 88 0.03 0.06 1 

1137/ 

O288-O291 

06:06 152 0.00 0.00 0 

 00:08 67 0.01 0.00 0 

 00:04a 110 0.00 0.00 0 

 00:04b 60 0.05 0.09 2 

1108/A 06:06 137 0.00 0.00 0 

 00:08 74 0.01 0.00 0 

 00:04a 86 0-00 0.00 0 

 00:04b 35 0.10 0.15 4 

Note: Calculated at coordinates given in Sturk (2015b) using seismic parameters. 

The ejection velocity for all damages is concluded to be zero, as there is no obvious horizontal 

movement. The pictures of the damages could be misleading, if it is not considered that they 

were taken with a wide-angle lens. It is better not to use this type of lens to document 

damages, due to the difficulties in interpreting the pictures. 

 

Analysis 

Damage 1137/Shaft 301, is a damage that occurred in a room with high span and support 

consisting of shotcrete, since bolts were not yet installed. The fallen material is blocky and 

there is no sign of stress-fractured rock in the masses on the ground, nor in the damage 

surface. There is no clear sign of ejection. Because of this, the damage mechanism is 

concluded to be rockfall due to seismic shaking. 

Due to the light support, the factor of safety could be very low for excavations with this large 

span. 

For damage 1137/ O286, no clear signs of ejection are seen. The area is heavily supported with 

NMX Dynamic, selective cable bolting, mesh and shotcrete. During the event 12 NMX Dynamic 

bolts and 3 cable bolts failed. The fallen material is very blocky, while the rock in the damage is 

highly fractured, indicating stress induced fracturing may have occurred at some depth. The 

damage occurred in the most stressed area of the profile, and there is some mattressing 
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visible in the pictures. By this, the damage mechanism is concluded to be bulking without 

ejection.  

For damage 1137/O288-O291, no ejection is visible. Some bagging has occurred in the wall, 

which indicates bulking. There are signs of stress-fractured rock at some parts of the damage, 

which verifies that bulking has occured. Based on this, the damage mechanism is concluded to 

be bulking without ejection. 

Damage 1108/A occurred in a heavily supported area, where cable bolts, NMX dynamic, mesh 

and straps was used. There is mattressing visible in the picture of the damage, in Table 6.15.4. 

Only a small amount of material has fallen loose. The damage is clearly indicating bulking 

without ejection being the damage mechanism. 

Table 6.15.3 - Summary of damage. 

Damage site Damage 

mechanism 

Geological 

condition 

Damage level Support type Damage at 

the 

intersection  

1137/Shaft 

301 

Rockfall due to 

seismic 

shaking 

Hard S4 1 Yes 

1137/O286 Bulking 

without 

ejection 

Hard S4 3 Yes 

1137/ O288 Bulking 

without 

ejection 

Hard, close to 

soft 

S4 3 Partly 

1108/A Bulking 

without 

ejection 

Hard S1 2 Partly 
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Table 6.15.4 – Illustration of damage location. 

Damage 

site 

 

Vertical view Top view 

1137/ 

Shaft 

301 

                          

 
1137/ 

O286 

  

 

1137/  

O288 

 

 
1108 
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6.16 Far- or near-field ground motion 

When using the PPV formulations stated in this thesis, it is very important to have in mind that 

these formulations are applicable to far-field ground motion. If the distance between the 

damage and the source is too small, it is not recommended to calculate the PPV by using the 

stated formulations in Eq 3.3b and Eq 3.3c. This near-field limit, designated 𝑅𝐿𝑖𝑚𝑖𝑡, was 

calculated by using Eq 3.5a for the evaluated events using seismic data from LKAB’s seismic 

database, see Table 6.16.1. The results indicate that the PPV should not be calculated based 

on Eq 3.3b and Eq 3.3c for any of the evaluated events, due to the small distances between 

source and damage. Therefore, the calculated PPV and calculated dynamic stress increment 

are just listed in this chapter as a reference. The real damage mechanism for all events is 

judged mainly by the static stress, ejection velocity and the appearance of the damage. 

Table 6.16.1 –  Distance limit for near- or far-field ground motion and the distance between source and damage.  

Date and Time Near-field limit 𝑅𝐿𝑖𝑚𝑖𝑡 

[m] 

Distance from damage to 

source [m] 

2011-08-01 09:01 82 9 

2011-09-08 01:21 91 12 

2012-04-20 01:25 142 18-37 

2012-08-13 07:36 211 11 

2013-07-12 14:18 263 82-103 

2014-02-07 01:48 58 20 

2014-05-29 23:06 202 21-80 

2014-07-05 17:25 120 64 

2014-07-22 16:10 120 20 

2014-12-25 - * * 

2015-08-01 14:00 211 28 

2015-08-29 14:18 178 64 

2015-09-04 19:41 106 15 

2015-09-17 13:30 269 84-95 

2015-09-24 00:04 378 35-88 

Note: *Could not be calculated due to missing data. 
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7. Conclusions and recommendations 

In the following sections, the results and analyses from Chapters 5 and 6 are summarized in 

order to give an overview of the situation. 

7.1 Summary and discussion 

7.1.1 Damage mechanisms 

The damage mechanisms occurring for the damages analysed are summarized in Figure 7:1. 

Bulking and shaking are the most common mechanisms, while ejection is very unusual. This is 

similar to what many Canadian mines experienced during the 1990’s, as described in Chapter 

4. Bulking was identified as the major cause of damaged support systems in burst prone 

mines, and shaking as the second most common cause. It was also concluded that ejection 

might be a problem in very deep mines, such as in some mines in South Africa. However, the 

mines in Canada had not yet reached those depths. This is most likely the case in the 

Kiirunavaara mine as well. 

 

 

Figure 7:1 – Analysed damages grouped according to mechanism. 

7.1.2 Distance to production 

The stability of the rock surrounding the excavations is strongly influenced by the state of 

stress in many different ways. The in-situ stresses increase linearly with depth (Sandström, 

2003). The mining method used in Kiirunavaara, however, causes significant stress 
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redistributions. This creates a situation where the directions and magnitudes of the principal 

stresses change over time. Every damage is therefore plotted against vertical distance to the 

production level at the time of the damage, in terms of number of sublevels, in Figure 7:2. 

Most of the damages are concentrated around the production, from one level above 

production down to three levels below. Shaking tends to occur more often at or above the 

production, with a decreasing frequency at increasing distance, which is likely explained by the 

stress relaxation in this area (Sjöberg, 2012).  With increasing depth from the production, the 

occurence of bulking increases. However, at four levels below production and deeper, no 

cases of bulking was identified. This can also be explained by the state of stress, since the 

major principal stress reaches its maximum value around two-three levels below the mining 

front.  

 

Figure 7:2 - Number of damages vs number of levels to production, grouped according to damage mechanism 

7.1.3 Excavation type 

Since the damage resulting from a seismic event depends on factors such as the directions of 

principal stresses and drift orientation etc., the damages are subdivided into groups 

depending on type of excavation where the damage occurred. This is presented in Figure 7:3. 

The majority of analysed damages, 19 of 34 damages, occur in footwall drifts. It is also noted 

from the pictures and maps that most of the damages in the crosscuts occur very close to the 

footwall drift, often on the boundary between static and dynamic rock support. Also a notable 

factor is that most of the bulking damages occurs in footwall drifts. A reason for this is the 

direction of the major principal stress, which is oriented perpendicular to the footwall drifts. 

For crosscuts, rockfall due to seismic shaking dominates. This is most likely caused by two 
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reasons; this area is in general less supported than the footwall drifts, and the boundary 

stresses are significantly lower since major principal stress is parallel to the crosscut.  

 

 

Figure 7:3- Number of damages vs excavation types at damage site with respect to damage mechanisms (For explanation of 

the excavation types, see chapter 4.8.1). 

7.1.4 Rock support  

When plotting the number of damages against the support classification at damage, it is clear 

that rockfall due to seismic shaking is the dominating mechanism in areas with less support. In 

areas with support classified as 2 or 3 (support systems with dynamic bolts), bulking is clearly 

dominating, see Figure 7:4. This is most likely because rockfalls due to seismic shaking are 

mainly occurring where the confinement is low, which is most often the case in crosscuts and 

intersections. The crosscuts are also, for the most part, supported with support of class 1. This 

makes the crosscuts highly susceptible to rockfalls due to seismic shaking. The sparse bolt 

spacing results in a weak arching effect, which increases the risk for material to fall out during 

seismic shaking. A solution to this would be to decrease the bolt spacing to improve the 

arching. 

Relatively few areas are supported with support class 3. Because of this, no further 

conclusions are drawn regarding support class 3. 
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Figure 7:4 - Number of damages vs support classification with respect to damage mechanisms. 

Many of the analysed events occurred very close to the boundary (see boundary in Figure 7:5) 

between support of class 1 and support class 2 and 3, for the cases where different support 

types have been used. This is described in Figure 7:6. 36% of the damages occurred on the 

boundary between these support classes. Since rock support is not wanted in too large 

quantities in the production line, it is important to truly understand the dynamic motions and 

the damage mechanism on this particular point. Otherwise, the support is easily over-

engineered, and production disturbances will increase due to higher amount of unwanted 

support in the production process, which is not economical. Therefore, this should be further 

investigated, in order to understand the mechanism and thereby improve the support system 

in a way, which prevents these types of damages satisfactorily.  

In event 7, damage 3, this boundary was supported by heavy static support consisting of bolts 

and a shotcrete arch. The seismic event resulted in a few cracks in the arch, while rockfalls 

were observed in the corresponding area in neighbouring drifts. Arches installed at these 

boundaries are therefore suggested to be a solution for this problem. 
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 Figure 7:5 - Boundary between support class 1 and support class 2 and 3, marked as “Exposed boundary”. 

 

  

Figure 7:6 – Damages on the boundary between support class 1 and support class 2 and 3. 

7.1.5 Location of damages in excavation profile 

Another important factor when designing a support system is to consider how to support 

different areas of the excavation profile. Depending on a number of conditions, problems may 

occur in different areas. To investigate how the damages are situated in the excavation profile 

for the Kiirunavaara mine, a subdivision of the profile is conducted, see chapter 4.8.2 for 

explanation. In Figure 7:7, the damages are separated by both location of damage with 

respect to excavation type and location of damage in the excavation profile. As previously 

stated, shaking is dominating in the crosscuts. Since shaking is mostly driven by gravity, the 

damages are concentrated in the roof/shoulder area (L1 and R1).  

In the footwall drifts, most of the damages tend to occur in the R1 area. R1 is the area where 

the boundary stress reaches its maximum. Shaking can also occur here, most likely because 



132  CHAPTER 7. Conclusions and recommendations 

 
 

this area tends to become weakened due to the fractures caused by the high stresses. In 

Figure 7:8, Figure 7:9 and Figure 7:9, the damage distribution is more clearly illustrated. 

The problem in the footwall drifts is mainly caused by the high stresses in this area, combined 

with the orientation of the drifts being perpendicular to the major principal stress. The 

crosscuts nearby are subjected to the same in-situ stresses but, since they are oriented along 

the major principal stress, the boundary stress is lower than in the footwall drifts. To reduce 

the number of rockfalls in the footwall drifts, the bulking has to be controlled in the R1 area. 

There are two ways to do this: either reducing the stresses in this area, or increasing the 

stiffness and strength of the support. 

The support can be improved in two ways: either by decreasing the bolt spacing or by 

increasing the strength, stiffness and the deformation capacity of the rock support.  

The stresses acting on the footwall drift can potentially be decreased in a number of ways. 

However, the simplest way would be to relocate future development in the footwall further 

away from the orebody, where the stresses are lower. Whether the solution is favourable or 

not regarding economy and stability, has to be investigated further. 

The problem in the crosscuts are most likely caused by sparse bolting, poor surface support 

(only shotcrete without mesh) and low tangential stresses, resulting in an unstable arching 

where blocks can start falling out. This is recommended to be solved by decreasing the bolts 

spacing and installing mesh. However, further investigation is needed in the subject. 

 

Figure 7:7 – Damages subdivided by location and damage mechanisms. 
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Figure 7:8- Damage distribution in footwall drifts (right side is facing mining east). 

 

 

 

Figure 7:9 - Damage distribution in crosscuts (left side is facing north in the mine coordinate system). 

7.1.6 Intersections 

Normally crossings or “intersections”, as referred to in this thesis, tend to more prone to 

failure. This is shown in Figure 7:10, which indicates that 60 percent of the damages occurred 

inside, or partly inside, an intersection. It should be further investigated how these areas 

behave during static and dynamic conditions. It may be possible to improve the layout and the 

support used in this area. 
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Figure 7:10 – Damages located at intersection.  

 

Figure 7:11 – Illustration of definition. Stars marks damages. 

7.1.7 Seismicity 

In Event 5, multiple seismic loadings are concluded to be a possible major factor contributing 

to the damage. This phenomenon would explain many cases of large rockfalls caused by 

relatively low PPV’s, and why the damaged area remained stable during previous events 

causing higher PPV’s. This is also partly described in chapter 4.4.4, with respect to deformation 

of rockbolts subjected to multiple loads. The conclusion is that a bolt will fail from a smaller 

PPV (or kinetic energy) than designed for if the support has taken loads in the past which 

resulted in plastic deformation of the steel. To verify this, it is recommended to conduct 

further research in the subject. This could be done, for example, by conducting numerical 

analysis of multiple dynamic loads on supported excavations, to get an understanding how the 

support system and supported rock is responding to the loadings. 

The large source radii calculated for many of the major seismic events in Kiirunavaara mine is 

another important factor to consider. Due to this, the limit for near-field ground motion is 

quite far from the source. In this study, almost all of the investigated damages have occurred 

within the near-field area according to the formulation based on source parameters, by Kaiser 
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et al. (1996). It should be noted that the source parameters processed from IMS (Institute of 

Mine Seismology) varies from that processed by Professor Dineva (Personal communication, 

2016) at LTU. Therefore, the size of source radius of the seismic events might change 

depending on how the source parameters are calculated. The current result indicates that the 

PPV formulations used today, even those recommended by IMS (2012), might be invalid for 

design purposes since the observed damages are almost exclusively found in the near-field 

area. More research is needed in this subject, in order to get a better understanding of the 

actual ground motions in the near-field area, in the Kiirunavaara mine. This could be done by, 

for example, measuring PPV at different locations around seismic events. This could give a 

better understanding of the magnitude of PPV and what to use for designing rock support for 

such condition. 

7.1.8 Geological structures 

In some cases, very large wedges have fallen down. These wedges are impossible to stabilise if 

the geological structures (e.g. joints, bedding plane), forming the wedge, are not known. 

These geological structures can only be identified by structural mapping, and then analysed in 

order to investigate the risk of unstable wedge formations. If the presence of such wedges is 

known, the support can be adapted to avoid big rockfalls.   

7.1.9 Mesh 

Kaiser stated in 2012, “The effectiveness of a rock support system comprised of rock bolts and 

mesh depends on their capacity, but most importantly on the strength and capacity of the 

connections between the bolts and the mesh”. 

It is important to understand how well the surface support actually works, since it makes up a 

large part of the total cost of the support system. To investigate this further, the state of the 

mesh was noted for all damages. The results are presented in Figure 7:12. 

Mesh was installed at 18 damage sites. At 5 damage sites, the mesh was intact, and the mesh 

was ripped up at only 2 of 18 damage sites. These two are the cases when the mesh is actually 

performing as it should, meaning that at 11 of 18 damage sites, the complete capacity of the 

mesh was not used.  

The mesh is of course supposed to stay fixed in place and contain the fractured rock, but if 

there are large movements in the rock, the mesh is supposed to deform as a whole and 

contain the fragmented rock.  

The overlap is clearly a weak spot in the support system. A solution for this would be to install 

straps or mesh plates, or other elements with the same function. 

Eight damages occurred at the boundary to the mesh. This is earlier analysed in Chapter 7.1.4. 
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Figure 7:12 – The state of mesh at the damage site. 

7.1.10 General  

The relationship between the number of damages and the distance between the source and 

the damage is presented in Figure 7:13. It is clear that seismically induced shaking is not very 

dependent on the distance from the source, in the range 0-100 meters. However, bulking 

damages tend to occur more often close to the source. This could be because the dynamic 

load, which is most likely triggering the damages, is higher close to the source. The rockfalls 

due to seismic shaking are not very dependent on high PPV’s, and are therefore less 

dependent on the distance to the source. 

, 

Figure 7:13 – Number of damages depending on distance to source, and damage mechanism.  

7.1.11 Data collection 

During data collection, it was clear that the way of collecting and storing data has to be 

improved. The data is stored in a number of locations and there are large differences in the 

data quality. There is also data, which should have been collected, but is missing. Based on the 

investigation and analysis, the authors think the following data should be collected when 

conducting damage mapping after a rockburst. 
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Damage locations 

o Every separate damage should be assigned their own name. 

o Coordinates of the centre of each damage. 

Seismic source 

o Source parameters (date, time, coordinates, seismic moment, radiated energy, stress 

drop, etc.) 

Documentation of damage    

o Depth of damage, if damage surface is visible. 

o Ejected distance for each damage, even though a clear ejection has not taken place. 

The point which is used for this measurement should be marked in a picture, where all 

of the ejected material and the damage is visible. 

o Height of damage. Vertical distance from the floor of the excavation up to the centre 

of the damage. 

o Pictures of each damage. Every picture has to be clearly marked in order to easily 

identify the damage in the picture. 

 Damage surface, from at least two angles. 

 Rock material on the ground, from at least two angles. 

 Overview of the damage, where all ejected material and the rock surrounding 

the damage are visible. 

The photo should not be taken with wide angle lens, since it causes a distortion which 

makes it impossible to judge distances from the photo. 

Support 

o Bolt type, bolt length, bolt spacing, measured thickness of shotcrete and if mesh is 

used or not. Other supporting elements should also be noted if they are installed on 

site. 

o Number of damaged bolts and photo for each of them if possible. Every bolt should be 

named, and the name should be visible in the photo in order to avoid a mix-up 

between bolts.  

o Description of damage on the surface support (shotcrete and/or mesh) and the 

connection. 

Surroundings 

o Production level, at the approximate location of the damage. 

o Distance to ore contact, in order to judge the current state of stress 

o Detailed geological data (e.g. rock type, structures, location of clay zone or fractured 

zone etc.). 

o Location of damage in profile, marked in the same way as used in this thesis. 

o Type of excavation (e.g. footwall drifts, crosscut or other). 

 

These data should be sorted in a database for further statistical analysis. In this database, the 

boundary stresses at the damage site, the ejection velocity of the ejected rock etc., should be 

calculated by specified formulations and then the damage mechanism should be determined 

by predefined criteria.  
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7.2 Conclusions 

The damages, associated with seismic events, that occurred in the Kiirunavaara mine during 

the period 2011-03-01 until 2015-12-31, have been investigated. The conclusions are drawn 

and listed as follows. 

General  

 The main damage mechanisms observed are bulking without ejection and rockfall due 
to seismic shaking.  

o Bulking without ejection tends to occur more often 2-3 levels below production. 
o Rockfall due to seismic shaking tends to occur more often at the level of 

production. 
o Ejection due to seismic energy transfer and bulking with ejection is not yet 

considered a major problem in the Kiirunavaara mine, with the current support, 
at the current production level. 

 A majority of the damages are located in the footwall drifts, and 7 meters into the 
crosscuts. 

 The collection of data during damage mapping should be improved according to the 
suggestions in section 7.1.11.  

Footwall drifts 

 Bulking without ejection is the main problem in the footwall drifts.  

 Most of the damages in the footwall drifts are located in the shoulder facing the ore, 
earlier referred to as the R1 area. 

Crosscuts 

 Rockfall due to seismic shaking is the major problem in the crosscuts. 

 Damages in crosscuts are concentrated in the shoulders/roof. 

Design  

 In many cases very large wedges have been observed in the drifts, this can potentially 
be predicted by conducting careful structural mappings. 

 The size, severity and risk of a damage depends on the history of the seismic activity in 
the area of interest. Further research and documentation is required in order to verify 
if and how the rockmass and rock support is responding to multiple loading. 

 PPV should not be calculated without assessing whether the damage is located in the 
near- or far-field zone of the seismic source.  

 The overlapping of mesh is identified as a weak spot in the support system. The full 
capacity of the mesh is not used in most of the damage, due to weak overlapping. 
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7.3 Recommendations and suggestions for future research 

 

General  

 A majority of the damages has occurred in the footwall drifts, and seven meters into 

the crosscuts. Further research is needed in order to understand how the excavations 

in this area behaves under static and dynamic conditions, resulting in an understanding 

in what the cause for the fallouts in this area is, and how to support this area to avoid 

damages. 

 The collection of data during damage mappings should be improved according to 

section 7.1.11.  

Footwall drifts 

Bulking without ejection is identified as a major problem in the footwall drifts. This 

mechanism is mainly caused by high stresses acting on the boundary of the excavation. To 

prevent these type of damages, and increase the stability of the footwall drifts, two 

solutions are suggested. 

 Increasing stiffness and strength of the support system. This could be done in four 

ways, which can be combined: 

o By decreasing bolt spacing. 

o By increasing the axial strength of the rock bolt and increasing the overall 

strength of the surface support. 

o By increasing the deformation capacity of the bolts. 

o By increasing the energy absorption capacity of the bolts. 

o By using straps or mesh plates, to increase the strength of the surface support, 

and thereby decreasing the risk for problem with the mesh overlaps. 

 Moving the future footwall drifts further from the ore. Since the stresses decrease 

drastically with the horizontal distance to the ore body (Sjöberg, 2012), the risk of 

bulking also decreases. 

Crosscuts 

 Rockfalls due to seismic shaking is identified as a major problem in the crosscuts. This 

damage is more likely to occur when the spacing of reinforcement becomes larger, 

which causes an insufficient arching effect. Therefore the bolt spacing is recommended 

to be decreased stepwise, to find a stable solution.  To further decrease the risk for 

rockfalls, mesh could be installed. 

Design  

 Structural mappings and wedge analysis should be conducted in order to identify 

potentially unstable wedges. This work should be given priority. 



Recommendations and suggestions for future research  141 

 
 

 
 

 Further research and documentation is needed to verify if and how the rockmass and 

rock support is responding to multiple loading. 

 PPV calculated by scaling laws should not be used for back-analysis on damages in the 

near-field.  

 The overlapping of mesh is identified as a weak spot in the support system. This can be 

improved by installing straps or mesh plates, or support elements with an equivalent 

function.
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