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SUMMARY 
In the Tara Mine, owned by Boliden Group, mining of thin, low-rise lenses will increase in the coming 

years. When mining these thin lenses, the mining method drift-and-slash mining is currently used, and 

it is of high interest to optimize the method to increase the extraction ratio but still ensure stability. 

Therefore, the objective of this work was to conduct a numerical modelling study to evaluate the room- 

and pillar dimensions, mining sequence, and required rock support when mining with the drift-and-slash 

method in Tara mine. The study was performed in a part of the mine called SWEX on level 725 m, which 

corresponds to 850 m below surface.  

To evaluate the method, several factors connected to the room- and pillar dimensions, mining sequence 

and rock support were studied. Also, a minor study on whether if it could be favourable to change to 

the mining method drift-and-fill mining was conducted. All of the factors were evaluated through 

numerical modelling. Most of the study was performed using the two-dimensional numerical modelling 

software FLAC, but a smaller part was also conducted with the three-dimensional software FLAC3D. 

 The expected results from the numerical modelling study were: 

• Appropriate room- and pillar dimensions when using drift-and-slash mining 

• Pillar design 

• Critical vertical distance between mined lenses 

• Required rock support 

• Recommended mining sequence 

• Possibilities of applying the drift-and-fill mining method 

During the work, a site visit at the Tara Mine was conducted to collect information about the mining 

method and the geology. For the geology in the models, a simplification was made to only include the 

Pale Beds (containing the mineralization) and the rock type Argillite. No strength data was initially 

available for the Argillite. For the Pale Beds on the other hand, strength data was available from previous 

studies. For the Argillite, core logging and point load testing were performed to retrieve strength data. 

For the Pale Beds, a calibration study was conducted to calibrate the material parameters. For the 

bedding planes in the Argillite, no tests were performed, all data was based on previous studies for other 

bedded rock in the Tara mine.  

Apart from studying the calibration case through numerical modelling, also cases to evaluate the 

problems regarding the drift-and-slash method and the drift-and-fill method were set up. The results 

from these cases were discussed and lead to the conclusions and recommendations presented below. 

Shortly summarized, the following were concluded and recommended after the study: 

• The confidence in the material data for the Argillite and the Pale Beds were fairly high. Although, 

no calibration case was performed for the Argillite and no core logging was performed for the 

Pale Beds, which would have increased the confidence in the parameters. For the bedding 

planes in the Argillite, no tests were performed, and the values were based on a study on other 

bedded rocks in the Tara Mine. Even though the values were slightly underestimated, the 

reliability for these values are not very high. The recommendation is to perform shear tests on 

Argillite cores to evaluate the bedding plane strength. Another recommendation is to continue 

to study calibration cases for both the Pale Beds and the Argillite if new cases are found.  



•  The results from the study showed that the factors that mainly affected the roof- and pillar 

stability were the width of the pillars and the strength of the Argillite layer. The room width had 

a much smaller effect on the stability and deformations. The models showed that it is most 

favourable to mine with wide rooms and wide pillars to achieve a high extraction ratio. Not 

included in the study were potential discontinuities. Wide rooms are from that perspective not 

to prefer since the potential of wedge fallouts then increases. This was concluded for the rooms 

mined in the direction of the virgin minor principal stress, meaning from southwest to 

northeast. For the rooms mined in the other direction, from southeast to northwest, the models 

showed that it is more favourable to mine with smaller pillars and smaller rooms due to high 

tensile stresses in the roof.  

The recommendations are to mine with wide rooms and wide pillars for rooms mined in the SW 

– NE direction, for example 15 m rooms and 4 m pillars. Smaller rooms and smaller pillars are 

also an option. For the SE – NW direction is it better to mine with small rooms and small pillars. 

• For the mining sequence and the rock support, the models showed that there is no advantage 

or disadvantage with placing the drift and support either in the middle or next to a pillar. But, 

in reality the discontinuities in the rock mass will have an effect on the choice. If the rooms are 

wide, the roof is in highest need of support and then the recommendation is to put the drift 

and support in the middle of the rooms to prevent fallouts. If the pillars are thin, they are in the 

most need of support and the drift should be placed next to a pillar to prevent pillar failure. 

• Due to the stress field and the plasticity in the models it was concluded that vertical distances 

from 6 m and up are stable. Thereby, it is recommended to mine with a vertical distance of at 

least 6 m. 

• For the alternative mining method drift-and-fill mining it was shown that the method could be 

applied from a stability perspective, at least with the current mining sequence and a room width 

of 10 m. It would be favourable to use the method from an economical perspective to increase 

the extraction ratio. It is recommended to further study the appropriate dimensions, mining 

sequence and rock support before implementing the method. 

 

• To monitor the pillar stability, it is recommended to indirect study the plasticity by drilling holes 

into the pillars to monitor the cracking. To monitor the stress change, it is recommended to 

install vibrating wire gauges. Also, the displacements should be monitored using extensometers. 

If the results seen during monitoring seems different to the results in models, the material 

model used in this study might not be accurate and it is then recommended to further study 

the appropriate room dimensions. 

 

 

 

 

  



SAMMANFATTNING 
I Bolidens gruva Tara kommer brytningen av tunna, lågt lutande linser att öka de kommande åren. Vid 

brytning av dessa linser används brytningsmetoden ”drift-and-slash mining” (ortdrivning med 

strossning) och det är av intresse att optimera metoden för att öka utbrytningsgraden men samtidigt 

säkra stabiliteten. Målet med detta arbete var att genomföra en numerisk modelleringsstudie för att 

utvärdera rum- och pelardimensionerna, brytningssekvensen och bergförstärkningen när brytning sker 

med drift-and-slash metoden i Tara-gruvan. Studien utfördes i en del av gruvan kallad SWEX på nivå 725 

m, vilket motsvarar ett djup på 850 m under markytan. 

För att utvärdera metoden studerades flera faktorer kopplade till rum- och pelardimensionerna, 

brytningssekvensen och bergförstärkningen. En mindre studie genomfördes också för att analysera 

möjligheterna att ändra brytningsmetod till den liknande metoden ”drift-and-fill mining” (stabiliserad 

igensättningsbrytning). Alla dessa faktorer studerades genom numerisk modellering. Huvuddelen av 

analyserna genomfördes i det två-dimensionella programmet FLAC, men en mindre del av analyserna 

gjordes också i det tre-dimensionella programmet FLAC3D. 

Från studien väntades att få ut följande resultat: 

• Lämpliga rum- och pelardimensioner när brytning sker med drift-and-slash metoden 

• Pelardesign 

• Kritiskt vertikalt avstånd mellan brutna linser 

• Nödvändig bergförstärkning 

• Rekommenderad brytningssekvens 

• Potential för att bryta med drift-and-fill metoden 

Under arbetet genomfördes ett besök i Tara-gruvan med syfte att samla information om 

brytningsmetoden och geologin. För geologin i modellerna gjordes en förenkling som innebar att endast 

Pale Beds (som innehåller mineraliseringen) och bergarten Argillite inkluderades i modellerna. Ingen 

materialdata fanns initiellt tillgänglig för Argillite och för Pale Beds fanns materialdata från tidigare 

studier. För Argillite genomfördes därför kartering av borrkärnor och punktlasttester för att samla in 

hållfasthetsdata. För Pale Beds utfördes en kalibreringsstudie för att kalibrera dess materialparametrar. 

För svaghetsplanen i Argillite utfördes inga tester, all data baserades på tidigare studier utförda för 

andra bergarter med svaghetsplan i Tara-gruvan. 

Bortsett från kalibreringsstudien undersöktes också andra fall beträffande drift-and-slash metoden och 

drift-and-fill metoden genom numerisk modellering. Resultaten från dessa fall diskuterades och ledde 

till de slutsatser och rekommendationer som presenteras nedan. 

Kort sammanfattat resulterade arbetet i följande slutsatser och rekommendationer: 

• Tillförlitligheten för materialdata för Argillite och Pale Beds var relativt hög. Inget kalibreringsfall 

kunde dock identifieras för Argillite och ingen kartering genomfördes för Pale Beds, vilket skulle 

ha ökat tillförlitligheten i framtagna parametervärden. För svaghetsplanen i Argillite 

genomfördes inga tester varför, alla parametervärden baserades på en studie för svaghetsplan 

i andra bergarter i Tara-gruvan. Även om värdena var något underskattade så är trovärdigheten 

för dessa värden inte lika hög. Rekommendationen är att utföra skjuvtester på borrkärnor av 



Argillite för att utvärdera hållfastheten i svaghetsplanen. Det rekommenderas också att studera 

ytterligare kalibreringsfall för både Pale Beds och Argillite om sådana kan identifieras. 

• Resultaten från studien visade att faktorerna som har störst påverkan på tak- och 

pelarstabiliteten är bredden på pelarna och hållfastheten i Argillite-lagret. Rumsbredden hade 

en betydligt mindre effekt på stabiliteten och deformationerna. Modellerna visade att det är 

mest fördelaktigt att bryta med breda rum och breda pelare för att uppnå en hög 

utbrytningsgrad. Möjliga diskontinuiteter i bergmassan inkluderas dock inte i 

beräkningsmodellerna. Breda rum är ur det perspektivet inte att föredra på grund av att 

sannolikheten för kilutfall då ökar. Dessa slutsatser drogs för de rum som bryts i samma riktning 

som den minsta primärspänningen, alltså från sydväst till nordöst. För rum som bryts i den andra 

riktningen, från sydöst till nordväst, visade modellerna att det är mer fördelaktigt att bryta med 

smalare rum och smalare pelare på grund av höga dragspänningar i taket. 

       Rekommendationen är att bryta med breda rum och breda pelare i riktningen SV – NÖ, 

exempelvis 15 m rum och 4 m pelare. Smalare pelare och smalare rum är också en möjlig 

kombination. För riktningen SÖ – NV rekommenderas att bryta med smalare rum och smalare 

pelare. 

• För brytningssekvensen och bergförstärkningen visade modellerna att det inte fanns någon 

direkt fördel eller nackdel med att placera orten och förstärkningen i mitten av rummet eller 

intill en pelare. I verkligheten påverkar dock befintliga diskontinuiteterna valet av ortplacering. 

Om rummen är breda är taket i störst behov av förstärkning och därmed är rekommendationen 

att placera ort och förstärkning i mitten av rummet för att förhindra utfall från taket. Om pelarna 

är smala är de i störst behov av förstärkning och orten och förstärkningen bör placeras intill 

pelaren. 

• På grund av spänningarna och plasticeringen i modellerna drogs slutsatsen att vertikala avstånd 

(mellan malmlinserna) från 6 m och uppåt är stabila. På grund av detta rekommenderas det att 

bryta med vertikala avstånd på minst 6 m. 

• För den alternativa brytningsmetoden "drift-and-fill mining" visade modellerna att metoden kan 

appliceras från ett stabilitetsperspektiv, åtminstone för fall med den studerade rumsbredden 

på 10 m. Det vore fördelaktigt att använda metoden ur ett ekonomiskt perspektiv då den skulle 

höja utbrytningsgraden. Det rekommenderas att fortsatt studera de lämpliga dimensionerna, 

brytningssekvensen och förstärkningen innan metoden kan implementeras praktiskt. 

 

• För att övervaka pelarstabiliteten rekommenderas att indirekt studera plasticeringen genom att 

borra hål igenom pelaren för att övervaka uppsprickningen. För att bevaka 

spänningsförändringen rekommenderas att installera vibrerande trådmätare. Deformationerna 

kan övervakas genom installation av extensometrar. Om resultatet från övervakningen ger 

resultat som skiljer sig from vad som kan ses i modellerna kan det innebära att det valda 

materialmodellen inte är helt korrekt och då rekommenderas att fortsatt studera 

rumsdimensionerna.  
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1. INTRODUCTION 

1.1. BACKGROUND 
The Tara mine is owned and operated by Boliden Tara Mines Limited, which is a part of the Boliden 

Group. The Boliden Group is a Swedish mining and smelting company with mines in Sweden, Finland 

and Ireland. The Tara mine is located on Ireland, close to the town Navan, Co. Meath, which lies 

approximately 51 km from the Dublin airport. The large orebody containing high levels of zinc and lead 

was discovered in 1970 and the production started in 1977. The mine was acquired by Boliden in year 

2004 and is currently (year 2018) the largest zinc-mine in Europe. 

All mining in Tara is conducted underground. The orebody lies at a depth between 50 – 1000 m below 

the ground surface. In total, the orebody extends over a total area of 6 km from northeast to southwest 

and 1.5 km from northwest to southeast. Because of the large areal extent, the ore has been divided 

into several mining areas, denoted Main zone, Nevinstown, Liscartan & Rathaldron and SWEX, as well 

as a few minor areas (e.g., Zone 3 extension). The dip of the orebody varies for the different mining 

areas. To the east, the orebody dips steeply to the southwest and in the southern parts the dip is 

approximately 15 °. Depending on the dip and the thickness of the orebody, the ore is mined either 

through open stoping or drift-and-slash mining, followed by backfilling of the rooms (Boliden Tara 

Mines, 2012). 

For this master thesis project, a numerical modelling study was performed to analyse the mining in the 

thin ore lenses in a low-rise part of the southwestern extension of the mine, above called SWEX. Overall, 

extraction of sub-horizontal and relatively thin lenses in Tara mine will increase for the coming years 

and for those areas drift-and-slash mining, which is a variety of room-and-pillar mining, is currently used 

as mining method. It is of high interest to optimize the geometries, the mining sequence and the rock 

support used when mining with the drift-and-slash method to be able to achieve a high production and 

extraction ratio.  

1.2. OBJECTIVE, SCOPE AND LIMITATIONS 
The main objective of this work was to conduct a numerical modelling study to evaluate the room- and 

pillar design, mining sequence and required rock support when mining with the drift and slash method 

in thin lenses. The study was performed in a part of SWEX on level 725 m, which corresponds to 850 m 

below surface. Optimization of dimensions for the drift and slash mining method, including the mining 

sequence and the rock support system used in Tara mine, were studied by performing analyses in both 

2D and 3D. 

For the drifts and pillars, the geometry described in Figure 1 was analyzed. Firstly, it was of interest to 

study the appropriate dimensions of the pillars, the rooms and the drifts. Secondly, the pillar design was 

evaluated to see if it would be more favorable to leave pillar with design as in Design 2 rather than as in 

Design 1 seen in Figure 1. Lastly, a design without any pillars was studied as well, Design 3, to see if it 

leads to any stability advantages or disadvantages. For Design 3 the mining will be performed through 

mining of a primary room first, followed by backfilling it and proceeding with the extraction of a 

secondary room. This mining method is called drift-and-fill mining and is currently not applied anywhere 

in the Tara mine. 
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Figure 1 Potential designs for room-, drift- and pillar dimensions. Design 1 and 2 describes variations of the drift-and-slash method and 

Design 3 the drift-and-fill method. 

For the geometry study, the critical distance between the mined lenses was also to be determined. The 

limitations for this design is shown in Figure 2. As shown, only distances between 4 – 10 m were studied. 

 

Figure 2 Possible dimensions for the vertical distance between drifts. 

The mining sequence when using the drift and slash method may vary, for example as in Figure 3. The 

effects from changing the location of the development drift were analysed to see how it might affect 

the stability. 

The required rock support was also studied through numerical modelling. The standard rock support 

used in the Tara mine were used as a guidance when choosing the type and amount of support. The 

main goal was to see whether the standard rock support is sufficient.  

Lastly, the effects on the stability from the surrounding geology were included in the study. This part of 

the analysis was limited to mainly study the stability effects from the specific rock type Argillite, later 

described in Chapter 2.2. 
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Figure 3 Options for mining sequence. Either the drift is placed in the middle of the room or to the side next to a pillar. 

For all these analysed aspects, recommendations based on the results were given to Boliden. The 

expected results from the numerical modelling study were the following: 

• Appropriate room- and pillar dimensions when using drift-and-slash mining 

• Pillar dimensions 

• Critical vertical distance between mined lenses 

• Required rock support 

• Recommended mining sequence 

• Possibilities of applying the drift and fill mining method 

1.3. EXECUTION AND REPORT DISPOSITION 
The study was divided into several different parts. Included in the work were a site visit at the Tara mine, 

a study of calibration cases and a numerical modelling study in 2D and 3D with the purpose to 

investigate the earlier stated problems. During the site visit, the main focus was to collect information 

about the mining method and the geology and to obtain material data. All this is summarized in Chapter 

2 and 3. Both for the calibration study and the other modelling work, different cases of interest were 

set up. All the studied cases are presented in Chapter 4 together with the numerical modelling theory 

and used material data. Results for theses cases are then presented and slightly discussed in Chapter 5 

and further discussed and analysed in Chapter 6. Finally, in Chapter 7, the conclusions and 

recommendations from the study are stated. 

  



11 
 

2. SITE DESCRIPTION 

2.1. MINING METHOD 
In Tara mine, two different mining methods are currently used. These mining methods are open stoping 

and drift-and-slash mining. Since this report only studied mining in thin ore lenses, only drift-and-slash 

mining will be presented below. 

Drift-and-slash mining is a variety of room-and-pillar mining. Room-and-pillar mining is a very old mining 

method, normally used in horizontal or nearly horizontal orebodies. The rooms in room-and-pillar 

mining are mined orthogonally at regular intervals, leaving rectangular shaped pillars to support the 

roof. Often, several openings are driven at the same time to increase production and efficiency. Room-

and-pillar mining is preferable to use in orebodies with a height of less than 5 m and a dip less than 15° 

(Hartman & Mudmansky, 2002). 

There are some differences between the methods. Firstly, in Tara Mine the drift-and-slash pillar 

geometries varies from the traditional pillar shape for room-and-pillar mining. Instead of using the 

square shaped pillar, long rib pillars are used instead, as illustrated in Figure 4. Secondly, the rooms 

when using room-and-pillar mining are often not backfilled. In Tara Mine, the rooms are backfilled 

after the ore is mined.

 

Figure 4 Pillar-type 1: Pillars normally used for room-and-pillar mining. Pillar-type 2: Pillar type used in 

Tara Mine for drift-and-slash mining. Top view.Also, the mining sequence differs for drift-and-slash 

mining. In the Tara Mine, two rooms are mined simultaneously. At first, the entire drift is blasted and 

the blasted rock hauled. For each blasting cycle the roof is supported with bolts and shotcrete. Then, 

the rest of the room is slashed starting from the end of the drift and working backwards to the beginning. 

The ore is loaded and hauled after each blast. In the roof above the slashed area, no rock support is 

installed. Before moving on to mine additional rooms, the finished rooms are backfilled. The same 

procedure is then repeated for the following rooms. For all the rooms, a pillar is left between the 

excavated rooms (Boliden Tara Mines, 2018). In Figure 5 and Figure 6 the drift-and-slash method is 

illustrated, showing rooms with the drift placed in the middle of the room and the slash area to the left 

and the right of the drift. 

Another version of drift-and-slash mining that possibly could be applied in Tara Mine is drift-and-fill 

mining. The difference between the two methods is that no pillars are left when using drift-and-fill 

mining. The used mining sequence for drift-and-fill mining can vary, an example is shown in Figure 7 

where the drift is placed to the right and slashing is only performed to one side. But the rooms can be 
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mined in different ways and sequences, the same mining sequence as in the drift-and-slash example 

above could also be applied (Nyström, A: Rock mechanics engineer. Boliden. 2018. Personal 

communication). 

 

 

Figure 5 Front view showing drift-and-slash areas marked out in the ore. The white area represents the drift and the grey area with bored 

holes (black lines) is the area to be slashed (Boliden Tara Mines, 2018). 

 

Figure 6 Previous figure from a top view showing the pillars and areas for the drift and the slash (Boliden Tara Mines, 2018). 

 

Figure 7 Front view showing drift-area and slash-area marked for drift-and-fill mining. No pillars are left in between the rooms. White 

represents the drift and the grey area with bored holes (black lines) is the slash-area (Boliden Tara Mines, 2018). 
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2.2. GEOLOGY 

2.2.1. GENERAL GEOLOGY IN TARA MINE 

The overall geology in the Tara mine area mainly consists of series of sediments, volcanics and intrusives. 

All of the series are structurally complex and lithologically varied. This is described in detail in Figure 8. 

The mineralization is contained in the area marked in Figure 8 as the “Pale Beds”. Inside the Pale Beds, 

there is a variation of Dolomites, Sandstones, Calcarenites and Shale-silt layers. The mineralization forms 

a series of sulphide lenses within these Pale Beds. Overall, the Pale Beds are considered to have a fair 

to good rock mass quality with a moderate to high rock strength. Above the Pale Beds is an area 

containing Shaley Pales (Boliden Tara Mines, 2013). Contained in the Shaley Pales is a well-bedded 

calcarenite based lithology. In some sections, it is dominated by Argillite and by Calcarenite or Sandstone 

in others. This area varies from being fossiliferous and non-fossiliferous in intervals (Barrow, 2018).  

Through the orebody, series of faults can be found. These faults normally strike subparallel to the 

orebody (NE-SW), which is illustrated in Figure 9. The dip of the faults varies for the different parts of 

the mine. 

 

Figure 8 Schematic stratigraphy of the geology in the Tara mine (Boliden Tara Mine, 2013). 
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Figure 9 Mineralization and faults shown for the Tara mine (Boliden Tara Mine, 2013). 

 

2.2.2. GEOLOGY IN THE STUDIED AREA 

To perform the numerical modelling study, a geological simplification was made. Included as rock types 

in the study were the Pale Beds and the specific Shaley Pale Argillite that is very common in the area 

currently mined. Many studies on the Pale Beds have been performed over the years and the knowledge 

about the strength of the rock type is fairly good. For the Argillite in Tara mine, almost no strength data 

existed in the beginning of the study. 

The general description of Argillite is that it is a type of mudstone. It is a highly compact sedimentary or 

slightly metamorphosed rock type. Some types of Argillite are classed as shales, but not all. The grain 

size is fine to very fine and it typically has a grey/black colour. Argillite is present in several of the areas 

to be mined as a layer above the mineralization. The usual thickness of the Argillite is 1 – 10 m and it is 

present in three different layers with some distance from each other in the rock mass. The upmost layer 

is called AR3, the middle layer AR2 and the lowest is called AR1. An example of this is shown in Figure 

10. 
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Figure 10 An example of the Argillite-layers in the rock mass from a front view. The thickness of the layers and the vertical distance between 

the ore lenses may vary. 

In common for all the layers is that the Argillite contains bedding planes. The usual spacing of these 

planes is between 5 – 40 cm and they are normally “wavy”. This means that most of the bedding planes 

likely exhibit a higher shear strength than if the bedding planes would have been completely straight. 

Overall, the bedding plane contacts generally seems stronger in the layer AR1 compared to AR2 and 

AR3. The bedding planes in AR1 is also less common and have a larger spacing. The contacts between 

the Argillite and the Pale Beds has low or no cohesion. The main issue with the Argillite in Tara Mine has 

been seen when mining occurs next to faults or joints. Because of its bedding planes, the Argillite has in 

some cases fallen out due to these structural issues (Oman, F.: Geologist. Boliden Tara Mine. 2018. 

Personal communication).  

2.3. STRESS FIELD 
The stress field in the SWEX-area was latest measured in year 2017. The measurements were performed 

on level 740 in SWEX, the specific area is shown in Figure 11. The interpretation of the measurements 

was done both with and without considering influence from the mined stopes marked in the figure 

below (Hakala & Heine, 2017). The best fit solutions for the measurements are summarized in Table 1 

for the three virgin principal stresses, σ1, σ2 and σ3. For this report, only the stresses that considers the 

influence from mined stopes were used. 
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Figure 11 Area for rock stress measurement in SWEX 2017 (Hakala & Heine, 2017). 

Table 1 Stress measurements on level 0740 in SWEX summarized. Trend is clockwise from Tara mine grid north. The plunge is down from the 

horizontal plane (Hakala & Heine, 2017). 

Solution 
σ1             

[MPa] 
Trend     

[°] 
Plunge       

[°] 
σ2             

[MPa] 
Trend     

[°] 
Plunge       

[°] 
σ3             

[MPa] 
Trend     

[°] 
Plunge       

[°] 

No stopes 25.3 332 41 18.9 119 44 6.4 226 17 

Stopes 25.0  331 39 19.4 117 46 6.4 226 18 

 

The direction of stresses σ1 and σ2 were then recalculated to fit the plane where the minor stress σ3 is 

directed out of the plane (perpendicular to the plane). An illustration of the stress directions in the plane 

is shown in Figure 12. Since the stresses were transformed into a new coordinate system, the 

magnitudes of the stresses slightly changed.  

 

Figure 12 Transformed stresses with minor stress directed out of plane and intermediate and major stress directed in the plane. 

 

S1 = 23.5 MPa 

S2 = 19.3 MPa 

S3 = 6.4 MPa 
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3. SUPPLEMENTARY DATA COLLECTION AND EVALUATION 

3.1. CORE LOGGING 

3.1.1. THEORY AND METHOD 

The purpose of core logging is to retrieve information about the geomechanical properties of the rock 

seen in the cores. The properties studied describe the strength and the quality of the rock mass. The 

system used for this was the Boliden standard for core logging (Sjöberg & Sjösträm, 2000). This standard 

is built up from the widely accepted RMR-system created by Bieniawski (1976, 1989), but with some 

changes. 

To determine the RMR-values, the drilled cores are divided into intervals. In each interval the material, 

strength and joint parameters should be approximately the same for it to be classified as one interval. 

For this case, since material parameter data were missing for the rock type Argillite, core logging was 

performed to get information about the strength and quality of that specific rock type. Since only the 

Argillite was of interest, no core containing other types of rock were logged.  

Using the Boliden standard, properties logged are as follows (Sjöberg & Sjöström, 2000).: 

• BRQD (Boliden Rock Quality Designation) 

• Joint type and joint filling 

• Joint filling thickness 

• Joint spacing 

• Rock strength 

• Discontinuity zones  

• Project specific properties 

The logged parameters are then used to perform a rock mass classification using the established CSIR-

RMR geomechanics classification (Bieniawski, 1989). For the logging of the Argillite sections in these 

specific cores, no discontinuity zones existed, and no project specific properties had to be included and 

will thereby not be discussed further. A further description of the studied parameters can be found in 

Appendix B, together with how the RMR-score is decided for each of the studied parameters. 

3.1.2. RESULTS 

The core logging was conducted for four different cores, all of them with a diameter of 25 mm. Of 

particular interest in these cores were the three sections containing Argillite, below called AR1, AR2 and 

AR3. As explained above, the logging was performed according to the Boliden standard for rock 

mechanical core logging. The result of the logging is shown in Table 2. The core logging results were 

then used to the determine the RMR-values and the rock mass classification. Results is shown in Table 

3. As can be seen, all sections of Argillite received the rock mass classification good rock. 
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 Table 2 Results from core logging of Argillite at Tara for each of the three Argillite layers, AR1, AR2 and AR3. 

BORE-
HOLE 

GEOLOGY 

LENGTH 
OF 

SECTION 
[cm] 

NUMBER 
OF BITS 

LENGTH 
OF BITS 

[cm] 
BRQD [%] 

JOINT TYPE 
AND 

FILLING 

JOINT 
FILLING 

THICKNESS 

ROCK 
STRENGTH, R 

JOINT 
SPACING 

[m] 

U29045 AR1 151 27 135 89,4 1 2/3 4 0.3-1 

U29045 AR2 852 157 785 92,1 1 2/3 4 1-3 

U29045 AR3 154 22 110 71,4 1 2 4 0.3-1 

U29149 AR1 164 27 135 82,3 1 2 4 0.3-1 

U29149 AR2 600 98 490 81,7 1 2 4 1-3 

U29149 AR3 336 54 270 80,4 1 2/3 4 0.3-1 

U29044 AR1 - - - - - - - - 

U29044 AR2 935 166 830 88,8 1 2/3 4 1-3 

U29044 AR3 539 80 400 74,2 1 2/3 4 0.3-1 

U29077 AR1 102 14 70 68,6 1 2 4 0.3-1 

U29077 AR2 324 42 210 64,8 1 2 4 0.3-1 

U29077 AR3 125 17 85 68,0 1 2 4 0.3-1 

 

Table 3 Calculated RMR-value and rock mass class for the Argillite at Tara. 

BORE-
HOLE 

GEOLOGY BRQD [%] 
JOINT TYPE AND FILLING + 
JOINT FILLING THICKNESS 

ROCK 
STRENGT

H R 

JOINT 
SPACING 

[m] 

GROUND 
WATER 

RMR-
VALUE 

ROCK 
MASS 
CLASS 

U29045 AR1 20 9 7 20 10 66 Good rock 

U29045 AR2 20 9 7 25 10 71 Good rock 

U29045 AR3 20 12 7 20 10 69 Good rock 

U29149 AR1 20 12 7 20 10 69 Good rock 

U29149 AR2 20 12 7 25 10 74 Good rock 

U29149 AR3 20 9 7 20 10 66 Good rock 

U29044 AR1 - - - - - - Good rock 

U29044 AR2 20 9 7 25 10 71 Good rock 

U29044 AR3 20 9 7 20 10 66 Good rock 

U29077 AR1 20 12 7 20 10 69 Good rock 

U29077 AR2 20 12 7 20 10 69 Good rock 

U29077 AR3 20 12 7 20 10 69 Good rock 

 

3.2. POINT LOAD TESTING 

3.2.1. THEORY AND METHOD 

To determine an approximate value of the strength of rock materials, point load tests can be performed. 

By performing the test, strength parameters such as uniaxial compressive strength can be predicted. 

The test measures the Point Load Strength index, Is(50), and the Strength Anisotropy, Ia(50), which is the 

ratio of the point load strength in directions that gives the greatest and the smallest values. The method 

used during the point load tests was that suggested by International Society for Rock Mechanics in 1985 

and is described below (International Society for Rock Mechanics, 1985). 
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The test can be performed on cores (both diametrical and axial), cut blocks or irregular lumps. During 

the test the rock is broken by adding a load through spherically truncated, conical platens. This is done 

either in a laboratory or in the field with a portable testing machine.  

For this project, point load tests were performed to determine the uniaxial compressive strength of the 

rock type Argillite present in Tara mine. The testing was performed on cores, mostly by doing diametrical 

tests, but also through axial testing. See Figure 13 for the two test types. 

 

Figure 13 a) Sample for diametrical point load testing and b) Sample for axial point load testing (International Society for Rock Mechanics, 

1985). 

For the diametrical testing it is recommended to use cores with a length/diameter ratio greater than 1. 

It is preferred to perform at least 10 tests per sample. If the rock either is heterogenous or anisotropic, 

more samples should be tested. Once the specimen is inserted, the platens in the test machine should 

be at least 0.5 times the core diameter away from the nearest core end. The testing should be 

performed by steadily increasing the load. The core failure should occur between 10 – 60 second after 

the test has started and the peak load for when the failure happens should be recorded and noted. 

Depending on the failure, it is then determined whether that specific test is valid or not. Examples of 

valid and invalid diametrical tests are shown in Figure 14.  

 

 

Figure 14 a) Valid results for diametrical core point load testing, d) Invalid results for diametrical core point load testing (International Society 

for Rock Mechanics, 1985). 

Axial testing can be done for samples with a length/diameter ratio between 0.3 – 1. To test longer pieces 

of core it is preferable to at first do diametrical tests that will produce pieces with a suitable length for 

axial testing. This can be done as long as the specimens are not weakened by the diametrical testing 

(specimens can also be obtained in other ways). Similar to the diametrical testing, a minimum number 

of 10 samples is recommended. The testing procedure is the same for the axial tests as for the 
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diametrical tests, except for the placing of the specimen in the machine (International Society for Rock 

Mechanics, 1985). Also, the valid and invalid results for axial tests respectively is presented in Figure 15.  

 

 

Figure 15 b) Valid results for axial core point load testing, e) Invalid results for axial core point load testing (International Society for Rock 

Mechanics, 1985). 

For these tests, the peak load (in kN), diameter and length were put into a Boliden standard excel-sheet 

for point load testing to automatically calculate the uniaxial compressive strength. Firstly, the 

uncorrected point load strength, Is, is determined according to Equation 1. 

𝐼𝑠 =
𝑃

𝐷𝑒
2      (1) 

where, 

P = peak load (N) 

De
 = Equivalent core diameter (mm) 

With a size correction factor F, the Is(50)-value is determined, as in Equation 2 and 3. 

𝐼𝑠(50) = 𝐹 ∗ 𝐼𝑠     (2) 

𝐹 = (
𝐷𝑒

50
)0,45      (3) 

Lastly, the uniaxial compressive strength is determined as follows in Equation 4. 

𝜎𝑐 = 22 ∗ 𝐼𝑠(50)     (4) 

When presenting the results, if there are more than 10 specimens per sample, the two smallest and two 

largest values of the uniaxial compressive strength should be removed before determination of a mean 

value. If there are less than 10 specimens, only the smallest and the largest values should be excluded 

from the collected data (International Society for Rock Mechanics, 1985). 
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3.2.2. RESULTS 

The point load tests performed during this project aimed to determine the uniaxial compressive 

strength of the rock type Argillite. For the Argillite received from the Tara mine, 89 point load tests were 

performed in total. Among these, 70 tests were performed diametrically, and 19 tests were performed 

axially. Among these tests, 8 diametrical tests and 2 axial tests were not accepted due to the breakage 

of the core. 

During the testing, the three different layers of Argillite where treated separately to study possible 

differences in strength. Below, these three layers are named AR1, AR2 and AR3. Since fewer tests were 

performed axially, the axial results for the three layers were later weighed together. 

The results are presented in Table 4 and Table 5. The first mean-value represent the total mean-value 

for the specific layer, without removing the two smallest and largest values as instructed. The second 

mean-value is the corrected mean-value of the uniaxial compressive strength. All measurements for 

each specific test are found in Appendix A. Below in Table 4 and Table 5, only the mean-values and 

standard deviation are included. 

Table 4 Mean-values and standard deviation for diametrical point load tests. 

DIAMETRICAL TESTS  
AR 1 AR 2 AR 3 

Mean-value [MPa] 126.1 112.1 103.3 

Corrected mean-value [MPa] 125.5 113.5 103.9 

Standard deviation 24.7 40.0 41.1 

 

Table 5 Mean-values and standard deviation for axial point load tests. 

AXIAL TESTS  
AR 1 AR 2 AR 3 

Mean-value [MPa] 181.0 150.6 116.5 

Standard deviation 12.8 38.3 17.1 

 

What can be concluded by studying both the diametrical and the axial tests is that the layer AR1 seems 

to be the strongest and layer AR3 the weakest. The overall difference between the diametrical tests and 

axial tests also shows that the Argillite is stronger in the axial direction. This is explained by the 

anisotropy in the rock. For the diametrical tests the rock is tested along weak direction of the bedding 

planes and for the axial tests, testing was done along their strong direction, which is the reason why the 

Argillite is stronger axially. 

All results for the diametrical tests and the axial tests were then weighed together to a weighted mean-

value. The results are then summed up in Table 6. For the tests, the total mean-value for the uniaxial 

compressive strength will be further used in the upcoming analyses. Since the results were similar to 

each other for all three layers, a simplification was to use this mean-value. In neither of the cases the 

spreading of the results is large, and all results are approximately in the same range. The same goes for 

both the diametrical and axial results. 



22 
 

Table 6 Mean-values for all diametrical tests and axial tests respectively. 

TEST TYPE TOTAL MEAN-VALUE [MPa] 

Diametrical 111.6 

Axial 141.9 

 

When later determining the Mohr-Coulomb material parameters for the Argillite, either the diametrical 

or axial value should be used. In reality, it is more likely that the load will be high in the diametrical 

direction in the Argillite rather than in the axial direction since the Argillite is present in the roof. Because 

of this, the diametrical results were further used in the study. 

Apart from this, also the standard deviation was determined to study how a weaker Argillite type would 

act. This was performed for all three layers for the diametrical tests. The uniaxial compressive strength 

for the mean-value minus the standard deviation was determined as the uniaxial compressive strength 

parameters for the “weak argillite”.  This value was determined to be 62.2 MPa for the AR3-layer that 

presented the lowest value compared to layer AR1 and AR2.  

3.3. POSSIBLE CASES FOR CALIBRATION STUDY 
To apply as accurate material parameters as possible in the numerical modelling study, the possibilities 

of performing calibration studies of the rock strength parameters were investigated. As earlier 

described, there are two rock types used in the models, Pale Beds and Argillite, and their strength 

properties of both unites were important to calibrate. 

To find appropriate cases to conduct a calibration study for, some fallouts in Tara Mine were 

investigated. The idea was to find cases (or a case) that could be modelled in FLAC to find which strength 

parameters the rock must have had for that specific fallout to happen. It was important for the chosen 

cases is that the fallout should have occurred due to failure of the rock itself and not due to structural 

failures caused by joints or faults in the rock mass. In case of a structural failure, the strength in the rock 

will not be as relevant as the strength of the properties of the joints or faults would influence the failure. 

3.3.1. FALLOUT IN PALE BEDS IN BLOCK 0725 1613AF 

The following case is based on a larger fallout that happened in the Pale Beds in block 1613AF on level 

725 m. Before the specific event happened, several minor events and indications of possible stability 

issues were noted. The events in the area started in 15th of April 2015 when a smaller rockfall was 

reported on one of the walls (left wall in Figure 16). Also, some cracks were found, and minor fallouts 

occurred on the intersections between the mined rooms and the main drift. A year later, on the 3rd of 

March 2016, cracked face plates were noticed on the bolts on the same wall as for the previous fallout. 

Then, on the 1st of November the same year, a large fallout occurred on the other wall (right wall in 

Figure 16). Approximately 100 tons of rock fell out during the event. The area for the large fallout is 

marked in Figure 16. In common for all the areas where fallouts occurred was that the walls were not 

bolted, only shotcrete had been used. No other fallouts happened in the bolted areas shown in Figure 

16. A photo from the fallout is presented in Figure 17 (Boliden Tara Mines (2), 2016). 
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Figure 16 Top view of the area in block 1613AF. Failure area for the big rock fallout 1st of November 2016 is marked (Boliden Tara Mines, 

2016a). 

 

Figure 17 Photo showing the large fallout of approximately 100 tons of rock on 1st of November 2016 (Boliden Tara mines, 2016a). 

After the failure happened, the case was further investigated by Boliden. It was concluded that the 

failure occurred due to high stresses in the walls, which could be assumed by studying the cracked face 

plates. The fallouts did not seem to be structurally affected, which indicates that the case could be 

appropriate to study in a calibration study for the strength of the Pale Beds. In this area, no Argillite 

occurred, and could thereby not be included in a study for this case. 
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3.3.2. FALLOUT IN ARGILLITE IN BLOCK 0740 1402HA 

The following studied case is a fallout that occurred in block 1402HA on level 740 m. The drift was 

blasted in 15th May 2017 and the roof fell out shortly after. What could be seen, except for the large 

fallout, were that the face plates had failed, and that several plates were missing (Dolan, 2017).  

A photo from the fallout is shown in Figure 18. The bedding planes in the Argillite in this area can be 

clearly seen. The flat surface showing in the roof gives an indication that the Argillite probably fell out 

due to failure along a bedding plane. The Argillite layer present in this area was the AR2-layer. 

When the fallout was further studied, it was clear that the fallout was highly structurally controlled. As 

can be seen in Figure 19, a blue line representing a fault passes right through the area of the drift and 

the failed Argillite. It was thus assumed that it is more likely that the fallout happened because of the 

fault and not failure of the Argillite itself. This case could thereby not be used further in a calibration 

study for the Argillite. 

 

Figure 18 Photo taken 17th May 2017 of Argillite failure in back of block 0740 1420HA (Dolan. 2017). 
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Figure 19 Drawing showing the fault (in blue) passing through the failed back. 

3.3.3. FALLOUT IN ARGILLITE IN BLOCK 0740 1421B1 AND 1401A2 

In September 2013 a back failure developed in two blocks simultaneously. These blocks were block 

1421B1 and 1401A2 on level 740 m. The blocks were blasted on the 9th of September and the fallouts 

were noticed two days later by workers at the dayshift. The day after, the 12th of September, 

Geotechnical Engineer D. Feng also visited the area and documented the fallouts (Lowther, 2013). The 

two blocks were fallouts occurred are marked in Figure 20. As shown, the fallout in Block 1421B1 was 

larger than the fallout in 1401A2. 

 

Figure 20 Areas for the occurred fallouts in September 2013 (Lowther, 2013). 
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Present in the roof in this case was an AR2-layer of Argillite, which thus makes this a potential candidate 

for a calibration study. However, when the case was further studied, it was found that the failure had 

occurred due to structural issues. In Figure 21, it is shown that several vertical, parallel joints could be 

identified in the area of the fallouts. It is much more likely that the fallouts happened because of these 

structural features, rather than failure of the Argillite itself. Also, according to the Geologist Finn Oman, 

the blasting crew had been warned about the potential of fallouts in this specific area before it 

happened (Oman, F.: Geologist. Boliden Tara Mine. 2018. Personal communication). Since this fallout 

case seems to have been structurally controlled, no calibration study could be performed for this case. 

 

Figure 21 Parallel joints marked in the area of failure. Indication that failure likely occurred due to joints (Oman, F.: Geologist. Boliden Tara 

Mine. 2018. Personal communication). 
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4. NUMERICAL MODELLING 

4.1. SOFTWARE 
Below some concepts used in the numerical modelling software will be explained to easily understand 

the modelling later on described. Among these concepts the constitutive models of interest are 

described, and also some basic theory about the software and the calculation procedure behind it. 

The software used to perform the numerical modelling was the Itasca software FLAC and FLAC3D. FLAC 

stands for Fast Lagrangian Analysis of Continua and used for advanced geotechnical analysis for soil, 

rock, groundwater and ground support in any geotechnical engineering project in need of continuum 

analysis (Itasca Consulting Group Inc., 2018a). As well as for FLAC, FLAC3D is used for continuous soil or 

rock masses (Itasca Consulting Group Inc., 2018b). The main difference between the software is that 

FLAC3D is three-dimensional instead of two-dimensional as FLAC. 

FLAC is built on an explicit finite difference formulation and can only model two dimensional problems 

(Itasca Consulting Group Inc., 2018a), while FLAC3D is used for three dimensional cases and utilizes an 

explicit finite volume formulation (Itasca Consulting Group Inc., 2018b). 

4.1.1. CONSTITUTIVE MODELS 

Elastic – model: 

The elastic material model is a part of the elastic model group. The group is characterized by reversible 

deformations upon loading. This means that the stress-strain laws are both linear and path-dependent 

(Itasca Consultant Group Inc., 2017a). 

The material properties required to include are: 

• Density 

• Young’s modulus 

• Poisson’s ratio 

Mohr Coulomb – model: 

The constitutive model Mohr-Coulomb is based on the Mohr-Coulomb failure criterion. It belongs to the 

plastic model group, which means that it models permanent path-dependent deformations because of 

the non-linear stress and strain relationship. The failure envelope in the material model corresponds to 

a Mohr-Coulomb failure criterion with a tension cut-off used as not to overestimate the tensile strength 

(Itasca Consulting Group Inc, 2017a).  
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Figure 22 Mohr-Coulomb failure envelope with tension cut-off (Nordlund et al, 1998). 

The material properties required to include are: 

• Density 

• Bulk-modulus 

• Shear-modulus 

• Cohesion 

• Friction angle 

• Tensile strength 

• Dilation 

Ubiquitous joints  

Similar to the Mohr-Coulomb material model, the material model ubiquitous joints belong to the plastic 

model group. In this model, the software takes into account an orientation of weakness in the rock in a 

Mohr-Coulomb model. Yielding can for this model type occur either in the rock itself, along the weak 

planes or in both (Itasca Consulting Group Inc., 2017a).  

In Figure 23 the failure envelope for the bedding planes is shown. The rock itself has the same failure 

envelope as for the Mohr-Coulomb criterion shown above in Figure 22. 
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Figure 23 Failure envelope for the bedding planes using ubiquitous joints (Itasca Consulting Group Inc., 2017a). 

Apart from the material parameters normally applied for a Mohr-Coulomb material model, the following 

parameters are also included when using the Ubiquitous joints material model. Note that these 

parameters represent the strength of the bedding planes (Itasca Consulting Group Inc., 2017a): 

• Joint angle taken counter clockwise from the X-axis, ϴ 

• Joint cohesion, Cj 

• Joint friction angle, Φj 

• Joint dilation angle, Ψj 

• Joint tension limit, σt 

 

4.2. MODEL SETUP 
When setting up the models, it was important to create models that easily could be changed for the 

different cases of interest. Also, the models used in FLAC and FLAC3D should be similar to each other to 

present results that could be compared in a fair way, although the model setup varies a bit when 

modelling in 2D and in 3D. Both cases are described below. 

4.2.1. MODEL IN FLAC 

The model presented below was built directly in FLAC’s graphical interface. When starting to build the 

model, the geometries for the model were first determined. A decision to have space in the model for 

a total of twelve rooms (ten whole rooms and a half room on each side) was made. This was done to 

make sure that the results for the studied rooms in the middle would not be affected by the boundary.  

Because of the stress field described in Chapter 2.3, it was not possible to build the model with the 

rooms following the X-axis in FLAC. The stresses in FLAC are initiated along the Y- X- and Z-axis and 

cannot be rotated (shear stress boundaries cannot be applied without fixing parts of the model). 

Instead, the room and pillars themselves were rotated, as in Figure 24, to allow the use of roller 

(velocity) boundaries for the model. 
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Figure 24 Explanation to why the rooms are rotated in FLAC. Like this, the stresses can be initiated along the X-axis and Y-axis as required in 

the software. 

Knowing this, the geometries for the model could be set up. The total length for the rooms supposed to 

fit inside the model was set to 187 m, making the width of the model in the X-direction 124 m due to 

the rotation of the rooms. The height was set to 255 m. The geometries in the model are shown in 

Figure 26. 

Note that in the figure above, the minor stress σ3 is directed out of the plane, meaning that the rooms 

are mined 226 ° clockwise from the north, further described as rooms mined from southwest to 

northeast. This is required to be able to build a two-dimensional model in FLAC. Because of this, the 

rooms mined perpendicular to the minor principal stress could not be studied in FLAC, but only later in 

FLAC3D. These rooms are mined 136 ° from the north, further described as rooms mined from southeast 

to northwest. This is illustrated in Figure 25. Direction 1 was appropriate to model both in FLAC and 

FLAC3D and these rooms are mined from southeast to northwest. Direction 2 could only be evaluated 

in FLAC3D and the rooms are then mined from southwest to northeast. 

 

Figure 25 Illustration of the two used mining directions from a top view.  

 



31 
 

The three different zone-types represents areas with different mesh sizes. In zone 3, which is the area 

surrounding the rooms, the zones are 0.5 m wide and 0.33 m high. For all the rooms except the two 

rooms to the left and right in the model, the zones are equal in size. For the outer rooms, the zones are 

affected by the boundary and their size it not as exact, which can be seen in the model. Although, since 

these rooms are not studied alone, it is not considered to be an issue. In zone 2, the zones are 

approximately 1.0 * 1.0 m and in zone 1, the minimum zone size is 4.0 * 4.0 m. A close-up of a part of 

the mesh is shown in Figure 27. 

When the grid was completed, boundaries were added. Since the top of the model does not represent 

the surface, roller boundaries were added on all sides.  

For all cases, the large-strain mode was applied as well, meaning that the gridpoints are allowed to move 

and are updated in each time step, depending on the calculated displacements (Itasca Consulting Group 

Inc., 2017c). Lastly, also the stresses were initiated as in Figure 24, with the following magnitudes: 

• S1 = σx = 23.5 MPa (in plane) 

• S2 = σy = 19.3 MPa (in plane) 

• S3 = σz = 6.4 MPa (out of plane) 

 

Figure 26 Model geometries for model used in FLAC. Zone 1, Zone 2 and Zone 3 represent zones with different mesh size. Pink areas 

represent the rooms, seen from a front view. Blue area in between the pink are the pillars. 
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Figure 27 Close-up figure of a part of the mesh showing the different zone sizes. 

The stresses were set to be constant in the whole model. Thereby, no gravitation was included. There 

were two reasons for that. The first was that the stress measurements that these values are based on 

were taken on approximately the same depth as the studied rooms are located, and thereby the stresses 

should be roughly the same. Secondly, the height of the rooms is only 5 m, and gravity will not affect 

the stresses much over that area or the area close by. 

This base grid was used for all the cases analysed in FLAC, but with different size of the mined rooms, 

depending on the specific the room- and pillar dimension, mining method, material properties etc., used 

for each specific case. All the evaluated cases are further presented in Chapter 4.  

The calculation procedure for all cases were the same. At first, the whole model was solved to an initial 

equilibrium. All rooms mined after that were at first excavated with “fake elastic” strength parameters, 

meaning that the cohesion and tensile strength for the rock were set unrealistically high. This was 

performed to not shock the model after the excavation has happened, resulting in overestimated 

yielding. Then, the material parameters were changed back to the original values and the model was 

solved to a new equilibrium. In the cases with only an elastic material model no “fake elastic” step was 

required since the whole model already was elastic. 

4.2.2. MODEL IN FLAC3D 

To perform the study in FLAC3D, a new model had to be built. A decision was made to build the model 

as similar to the two-dimensional model as possible. Since the rooms were to be mined in two directions 

in FLAC3D, two separate grids were built.  

The first grid used for the cases mined in the same direction as in FLAC (from the southwest to 

northeast), the same dimensions as were used in FLAC were also used in FLAC3D. In the three-

dimensional model the depth was set to be the same size as the width (124 m). Since the calculation 

time in FLAC3D is highly affected by the number of zones, the grid was divided into areas with different 

zone sizes, as shown in Figure 28. In zone 2 the smallest zone size close to the room is 0.5 m (x) * 1.0 m 

(y) * 0.33 m (z) and in zone 1 the smallest zone size is 1.0 m (x) * 2.0 m (y) * 0.67 m (z). For clarification 

of the mining direction, see Figure 30. 
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Figure 28 Model used in FLAC3D for cases 001b, 101b, 102b, 201b and 202b. In Zone 2 the smallest zones are 0.5 m (x) * 1.0 m (y) * 0.33 m 

(z) as in the two-dimensional analysis. In Zone 1 the smallest zones are 1.0 m (x) * 2.0 m (y) * 0.67 m (z). 

For the cases mined in the other direction (from the southeast to northwest) a separate grid was built. 

The main difference between them is that the depth for the second grid was set to 187 m to be able to 

fit all the 12 rooms supposed to be mined. The smallest zone size in this model is 1.0 m (x) * 1.0 m (y) * 

0.33 m (z). For grid, see Figure 29. For clarification of the mining direction, see Figure 30. 
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Figure 29 Model used in FLAC3D for cases 002b, 103b and 104b. In zone 3 the zones are 1.0 m (x) * 1.0 m (y) * 0.33 m (z). In zone 2 the 

smallest zones are 4 m (x) * 4 m (y) * 1 m (z). In zone 1 the smallest zones are 8 m (x) * 8 m (y) * 8 m (z). 

 

Figure 30 The mining directions in the two different grids. Mining direction 1 is used for case 001b, 101b, 102b, 201b and 202b. Mining 

direction 2 is used for cases 002b, 103b and 104b. 
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4.3. MATERIAL PARAMETERS 

4.3.1. ROCK MASS AND BACKFILL 

In this chapter, the material parameters for the rock mass is presented, including data for the Pale Beds 

and the Argillite, as well as for the backfill material. All information is summarized in the tables below. 

Starting with the Pale Beds, all material parameters (except dilation) were obtained from the report 

Nevinstown Geotechnical Study Report (AMC, 2003). The report is based on an investigation of mining 

opportunities for the Nevinstown orebody in the Tara mine. The Pale Beds occur in both the area 

Nevinstown described in the report and the currently studied area SWEX. Rock is not an entirely 

homogenous material, and the material properties may vary from place to place. Because of this, a 

calibration study was performed to calibrate the strength parameters for the Pale Beds available from 

Nevinstown, further described in Chapters 4.4 and 5.1. The values are presented in Table 7. The 

displayed material values are the values determined after the calibration study was performed. 

For the Argillite, no material data was available to start with. Because of this, the material parameters 

used in the numerical modelling study are based entirely on the RMR-ratings and the performed point 

load tests, see the results in Chapter 3.1 and 3.2. The determination of the material parameters was 

conducted using the Rocscience software Roclab. Roclab is a software used to determine the strength 

parameters of a rock mass. The software uses a Hoek-and-Brown failure criterion with the following 

parameters as input (Rocscience, 2002a): 

• Unconfined compressive strength of intact rock, σci 

• Geotechnical strength index GSI 

• Intact rock parameter, mi 

• Disturbance factor, D 

Also, the highest expected magnitude of the minor principal stress (in the area of interest) is included 

to get a failure envelope as accurate as possible. In this case, the highest expected value was determined 

by the numerical modelling in FLAC and were set to σ3
max = 10 MPa (value taken from the roof). The 

first output given by Roclab are the strength parameters used when modelling with the Hoek-and-Brown 

failure criterion. The software then recalculates these values to fit a linear Mohr-Coulomb failure 

criterion to the curved Hoek-Brown failure envelope by linear regression (Rocscience, 2002b). 

Material parameters for two types of Argillite were determined. The first version was based on the mean 

values received from the RMR-ratings and the point load tests. The second version is a weaker version 

of Argillite based on the lower range of strength parameters, see Chapter 3. Common for both was that 

the density was set to 2700 kg/m3, assumed by studying an earlier density measurement of the rock 

types at the Tara mine (Van Villet, 1988). Also, the dilation was assumed to be 8 ° (Vermeer & de Borst, 

1984). 

The input for the standard Argillite are, as mentioned above, based on mean values. The uniaxial 

compressive strength was determined to σci = 111 MPa in average for the diametrical point load test. 

The GSI-value required in Roclab could be determined using the RMR-rating. The geological strength 

index, shortened GSI, is a system to estimate the rock mass strength by studying a few geological 

conditions. Just as for the RMR-rating system, this system is only based on visual observations. A table 
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illustrating the categories for classification is shown in Figure 31 (Hoek, E, 1994 and Hoek & Brown, 

1998). 

 

Figure 31 Characterisation of rock masses according to the GSI-system (Hoek & Brown, 1998). Red circle 

marks the chosen GSI-valueThe GSI-value can also be estimated from the RMR-rating (Hoek et al, 1995). 

The RMR-value (Bieniawski, 1989) together with the Q-system, which also is a rock strength qualification 

system (Barton et al, 1974), can be used to estimate the GSI-value using Equation 5. 

𝐺𝑆𝐼 = 𝑅𝑀𝑅 − 5     (5) 

Since the mean-value for the RMR-rating was determined to RMR = 70, the GSI-value should be around 

GSI = 65. When comparing the collected data for the Argillite with Figure 31, a value of 65 seems 

reasonable for the Argillite. The rock is blocky, classified as good and have rough joint surfaces, which 

goes well together with a GSI = 65 in the table as well. 

The mi-value was determined from the description of Argillite presented in Chapter 2.2. The Roclab 

database suggested a value 8 +/- 3 for the fine sedimentary rock “Mitric Limestone”, which was the rock 

type with properties closest to the description of Argillite (Rocscience, 2002b). The Swedish Transport 

Administration presents mi-values of 4 +/- 2 for very fine, sedimentary mudstone, which should be fairly 

similar to the Argillite (Swedish Transport Administration, 2014). Based on this, it was determined to 

use an intact rock parameter mi = 6. 
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The output for the Argillite from Roclab are summarized in Table 7, together with additional material 

data. The last parameter not yet mentioned is the Poisson’s ratio. For the Argillite, the ratio was 

determined by studying typical values for Claystone and a value of 0.28 was chosen (Gercek, 2006). 

For the weaker Argillite, the uniaxial compressive strength was set to 62.2 MPa (see Chapter 3.2). Since 

all results for the RMR-rating were in a tight span of values close to the mean-value, the RMR-value was 

lowered from 70 to 55 to really be able to study the difference between a standard Argillite and a weaker 

version. The mi-value in Roclab were not changed.  

Table 7 Material parameters used in numerical modelling study for the Pale Beds and the Argillite. Included are also a weaker version of the 

Argillite. 

MATERIAL PARAMETERS ROCK MASS 

PARAMETER PALE BEDS ARGILLITE 
ARGILLITE 

(weak) 

Young's modulus 40 GPa 56 GPa 56 GPa 

Poisson's ratio 0.25 0.28 0.28 

Density 2700 kg/m3 2700 kg/m3 2700 kg/m3 

Cohesion 11 MPa 4.0 MPa 2.6 MPa 

Friction angle 40 ° 38 ° 37 ° 

Tensile strength 4.2 MPa 1.2 MPa 0.3 MPa 

Dilation 8 ° 8 ° 8 ° 

 

The data for the bedding planes in the Argillite was harder to estimate. No tests were performed for the 

bedding planes specifically, and thereby data for other bedding planes studied in the Tara Mine were 

used to estimate these parameters. The joint cohesion and the joint tensile strength were set to c = 0.1 

MPa and Φ = 24 ° based on shear tests made on other bedded rock in Tara in 1979 (Smith, 1979). During 

the testing, six tests in total were performed for the bedding planes. From the results it is possible to 

see that the friction angle is slightly underestimated since all results showed friction angles above 24 °. 

The cohesion might be slightly overestimated (Smith, 1979).  The maximum joint tensile strength was 

then determined to 0.22 MPa (Itasca Consultant Group Inc., 2017a), and was cut-off to be 0.1 MPa. 
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Table 8 Strength parameters used in the numerical modelling study for the bedding planes in the Argillite. 

STRENGTH PARAMETERS BEDDING PLANES 

PARAMETER ARGILLITE 

Joint-cohesion 0.1 MPa 

Joint-friction angle 24 ° 

Joint-tensile strength 0.1 MPa 

Joint-dilation 8 ° 

 

For the backfill material, most of the material parameters were set to be the same as for the backfill 

used in Nevinstown (AMC, 2003). The density was obtained through personal communication (Nyström, 

A: Rock mechanics engineer. Boliden. 2018. Personal communication). The material parameters for the 

backfill are presented in Table 9.  

Table 9 Strength parameters for backfill material. 

MATERIAL PARAMETERS BACKFILL 

PARAMETER BACKFILL 

Bulk modulus 10 MPa 

Shear modulus 32 MPa 

Density 1800 kg/m3 

Cohesion 0.187 MPa 

Friction angle 30 ° 

Tensile strength 0.065 MPa 

4.3.2. ROCK SUPPORT 

The material parameters for the rock support are presented below in Table 10 and Table 11. The rebars 

used in Tara mine are 25 mm rebars with steel quality EN 10080 B500B. Since the steel quality is B500B 

and the diameter 25 mm, material properties for a bolt of the same kind was studied to determine 

Young’s modulus, the tensile force limit and the compressive force limit (Malmgren, L. 2001). The 

coupling-spring constants were set as default-values in FLAC (Itasca Consultant Group Inc., 2017b). 
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Table 10 Material properties for rock bolts used in Tara mine.  

MATERIAL PARAMETERS ROCK BOLTS 

PARAMETER VALUE 

Young's modulus 210 MPa 

Tensile force 246 kN 

Compressive force 246 kN 

Tensile failure strain 10% 

  

COUPLING-SPRING CONSTANTS, SHEAR* 

Stiffness 133 GN/m/m 

Cohesive strength 10 GN/m 

Friction angle 30 

Perimeter 3.14 

  

COUPLING-SPRING CONSTANTS, NORMAL* 

Stiffness 1.3 GN/m/m 

Cohesive strength 10 kN/m 

 

The shotcrete used in Tara is a steel-fibre reinforced shotcrete with a uniaxial compressive strength of 

60 MPa. The tensile strength for the concrete is approximately a tenth of the compressive strength, 

meaning 6 MPa for this shotcrete (Nilsson, U. 2003). 

For the shotcrete, only the elastic parameters were included. The shape factor depended on the shape 

of the shotcreted area (Itasca Consultant Group Inc., 2017b). The Young’s modulus and Poisson’s ratio 

were obtained from material data for similar fibre reinforced concrete (Malmgren, L. 2001).  

Table 11 Elastic material parameters for reinforced shotcrete. 

MATERIAL PARAMETERS SHOTCRETE 

PARAMETER VALUE 

Shape-factor 0.8333 

Young's modulus 16 GPa 

Poisson's ratio 0.25 
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4.4. CALIBRATION STUDY 
Earlier, in Chapter 3.3, the possible calibration studies for the strength in the Pale Beds and the Argillite 

were described. The decision made was that only the fallout in block 1613AF on level 725 m was a 

realistic case to perform a calibration study on for the Pale Beds. This means that none of the potential 

calibration cases with Argillite were appropriate to conduct a calibration study on. Therefore, the 

material parameters for the Argillite based on the results from core logging and point load testing, were 

further used in the numerical modelling study.  

For the Pale Beds on the other hand, the strength parameters could be calibrated by studying the fallout 

in block 1613AF. For this case, the Mohr-Coulomb material model was chosen and the strength 

parameters when using the Mohr-Coulomb failure criterion are the following: 

• Cohesion 

• Friction angle 

• Tensile strength 

• Dilation 

In the calibration study, a simplification to only study the most important strength parameters cohesion, 

friction angle and tensile strength was made. The study was performed in FLAC and the initial strength 

values was taken from a study of the Pale Beds in the Nevinstown-area of the mine (AMC, 2003). Among 

the studied cases, these initial values represent the base case seen as Case 00 in Table 12. For the 

following cases, these values were then calibrated in FLAC to find the critical values leading to a fallout 

in the scale shown in block 1613AF. All the cases are summarized in Table 12 below. 

In the table below, only cases with higher strength than for the Pale Beds in the base case named Case 

00 were included. The reason for this was that the base case itself showed too low strength in the 

numerical modelling study. Therefore, no cases with weaker Pale Beds than in the base case were 

included in this report. 

When modelling these cases, the focus was mainly on the drift where the fallout happened. To be able 

to model the fallout situation as realistic as possible, the geometry of the drift was modelled as in reality, 

while the other drifts and stopes nearby were simplified. The profile studied in FLAC is marked in the 

top view in Figure 32 and is also showed from the front beside the top view in the figure. Figure 32 is 

directly taken from the CAD-file showing a scanned version of the stopes. In Figure 33 below, the 

simplified version of the profile used in FLAC is presented. The zone size close to the drifts and stopes 

are generally 0.5 m high and 0.5 m wide. This applies for all zones except for the zones closest to the 

horseshoe formed drift, where the zones are slightly smaller. 
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Table 12 Cases in calibration study. Only cases with strength higher than the base case 00 were included since the result from the base case 

presented too low strength in the numerical modelling study. The parameter changed for each case is marked in bold letters. 

CASE COHESION FRICTION ANGLE TENSILE STRENGTH 

00 10.0 MPa 40 ° 4.2 MPa 

1A 10.5 MPa 40 ° 4.2 MPa 

2A 11.0 MPa 40 ° 4.2 MPa 

3A 11.5 MPa 40 ° 4.2 MPa 

4A 12.0 MPa 40 ° 4.2 MPa 

5A 12.5 MPa 40 ° 4.2 MPa 

6A 13.0 MPa 40 ° 4.2 MPa 

1B 10.0 MPa 42 ° 4.2 MPa 

2B 10.0 MPa 44 ° 4.2 MPa 

3B 10.0 MPa 46 ° 4.2 MPa 

4B 10.0 MPa 48 ° 4.2 MPa 

1C 10.0 MPa 40 ° 5.0 MPa 

2C 10.0 MPa 40 ° 5.5 MPa 

3C 10.0 MPa 40 ° 6.0 MPa 

4C 10.0 MPa 40 ° 6.5 MPa 

 

 

Figure 32 Top view and front view over profile studied in the calibration study for the pale beds. Figure taken directly from CAD-file of 

scanned drifts and stopes in the area. Block 1613 AF where fallout occurred is marked in bright yellow. 

 

Drift where the 

fallout occurred 

Studied profile 
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Figure 33 Simplified version of profile in Block 1613 AF used in FLAC. The drift where the fallout occurred is marked in pink. 

4.5. STUDIED CASES IN FLAC 
The numerical modelling study in FLAC was divided into several topics of interest. The primary areas of 

focus in the analyses were room- and pillar design, mining sequence, and rock support, when mining 

with the currently used mining method drift-and-slash mining. Since the ore is mined in thin lenses when 

using the method, also the critical distance between these lenses was studied. Moreover, a smaller 

study was conducted regarding the possibilities of applying the drift-and-fill mining method in the thin 

lenses instead of using drift-and-slash mining. Both methods are described in Chapter 2.1. 

Since this part of the work was performed in FLAC, some limitations regarding the two-dimensionality 

needed to be considered. Because of the earlier described stress field, only the cases where the rooms 

are mined (approximately) in the direction of the minor principal stress can be studied as a two-

dimensional problem. This means that rooms mined from the southwest to northeast were evaluated 

in FLAC but not the rooms mined from southeast to northwest. The reason is that FLAC requires that 

two of the principal stresses are oriented in the studied plane and one of them oriented perpendicular 

to the plane. Because of this, the analyses in FLAC are limited to only the rooms mined in the first 

direction in Figure 25.The evaluated cases in FLAC are divided into several chapters depending on the 

focus of the analysis. The cases are presented below. 

4.5.1. DRIFT-AND-SLASH MINING DESIGN AND MINING SEQUENCE 

To determine an appropriate design when using drift-and-slash mining, several cases with varying room- 

and pillar dimensions were studied. The analyses were limited to room widths between 12 – 15 m and 

pillar widths between 2 – 4 m. The room- and pillar height for all cases was set to 5 m. Currently, rooms 

and pillars with the dimensions 12 m and 4 m are used in Tara Mine and this therefore constitutes the 

initially evaluated case. Since this case has proved to be stable in reality, only cases with larger rooms 

and/or smaller pillars were analysed. 

All the included cases were analysed both with and without Argillite. As earlier described, the Argillite 

layers (if present) have a thickness of between 1 – 10 m. Therefore, an average thickness of 5 m was 

used in all the cases 101 - 306. The cases including Argillite were studied using the Mohr-Coulomb 

material model or the Ubiquitous joints material model. When the Mohr-Coulomb material model was 

used, no bedding planes in the Argillite were included in the models. When the Ubiquitous joins material 

model is used, straight (planar) bedding planes with a thickness of 0.33 m were included within the 

Argillite. For the Pale Beds, only the Elastic Material Model or Mohr-Coulomb material model was used. 

All constitutive models are described in Chapter 4.1.1. All the cases were mined in the same way in FLAC, 

as shown in Figure 34. For the plots shown later, the two rooms in the middle of the model were 
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evaluated. The base cases are presented in Table 13 and Table 14. For further understanding of the 

different variables, see Figure 35 that visually describes these. 

 

Figure 34 Mining procedure for drift-and-fill mining. Starting from the left to the right. 

 

Figure 35 Variables varied in cases below.Table 13 Elastic cases in FLAC when studying drift-and-slash mining. 

CASE 
ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS 
ARGILLITE 

PILLAR 
DESIGN 

MINING 
SEQUENCE 

EXTRACTION 
RATIO 

001 12 m 4 m 
Elastic (entire 

model) 
- Straight 

Middle-
centered drift 

75.0% 

002 15 m 4 m 
Elastic (entire 

model) 
- Straight 

Middle-
centered drift 

78.9 % 

003 15 m 2 m 
Elastic (entire 

model) 
- Straight 

Middle-
centered drift 

88.2% 
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Table 14 Base cases in FLAC studying drift-and-slash mining. 

CASE 
ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS 
ARGILLITE 

PILLAR 
DESIGN 

MINING 
SEQUENCE 

EXTRACTION 
RATIO 

101 12 m 4 m -   Straight 
Middle-

centered drift 
75.0% 

102 14 m 4 m -   Straight 
Middle-

centered drift 
77.8% 

103 14 m 3 m -   Straight 
Middle-

centered drift 
82.4% 

104 15 m 4 m -   Straight 
Middle-

centered drift 
78.9% 

105 15 m 3 m -   Straight 
Middle-

centered drift 
83.3% 

106 15 m 2 m -   Straight 
Middle-

centered drift 
88.2% 

201 12 m 4 m 
Mohr-

Coulomb 
5 m Straight 

Middle-
centered drift 

75.0% 

202 14 m 4 m 
Mohr-

Coulomb 
5 m Straight 

Middle-
centered drift 

77.8% 

203 14 m 3 m 
Mohr-

Coulomb 
5 m Straight 

Middle-
centered drift 

82.4% 

204 15 m 4 m 
Mohr-

Coulomb 
5 m Straight 

Middle-
centered drift 

78.9% 

205 15 m 3 m 
Mohr-

Coulomb 
5 m Straight 

Middle-
centered drift 

83.3% 

206 15 m 2 m 
Mohr-

Coulomb 
5 m Straight 

Middle-
centered drift 

88.2% 

301 12 m 4 m Ubi-joints 5 m Straight 
Middle-

centered drift 
75.0% 

302 14 m 4 m Ubi-joints 5 m Straight 
Middle-

centered drift 
77.8% 

303 14 m 3 m Ubi-joints 5 m Straight 
Middle-

centered drift 
82.4% 

304 15 m 4 m Ubi-joints 5 m Straight 
Middle-

centered drift 
78.9% 

305 15 m 3 m Ubi-joints 5 m Straight 
Middle-

centered drift 
83.3% 

306 15 m 2 m Ubi-joints 5 m Straight 
Middle-

centered drift 
88.2% 
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Also, some additional cases with other altered variables than only the room- and pillar dimensions were 

studied. Firstly, it was of interest to see how the thickness of the Argillite layer affects the stability. 

Because of this, also case 401 with a 1 m thick Argillite layer, and case 402 with a 10 m thick Argillite 

layer, were evaluated. The calculations were performed with bedding planes included in the Argillite. 

Since the material model Ubiquitous joints also takes into consideration the angle of the bedding planes 

in the Argillite, variations of the angle were analysed. For all other cases the bedding planes were 

assumed to follow the roof of the rooms, but for cases 403 and 404 this angle was changed by – 15 ° or 

+ 15 ° counter-clockwise. See Figure 36 for illustration. 

 

Figure 36 Argillite layer with varying angle of the bedding planes, as in cases 403 and 404. 

The pillar geometry is also a stability factor to consider. As can be seen in Figure 37, two options were 

studied. Straight pillars (as in almost all evaluated cases) and inclined (at the bottom) pillars. In cases 

405 and 406 inclined pillars are used, both with and without a layer of Argillite. 

 

Figure 37 Different pillar geometries. 

For all the mentioned cases above, the drift has always been placed in the middle of the room. However, 

the location of the drift could have an influence when mining and therefore the effects on the stability 

by moving it were analysed. For cases 408 – 409 the drift is placed to the left or to the right as in Figure 

38 to be able to study the potential stability changes. 
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Figure 38 Studied locations of the drift when using drift-and-slash mining. 

For cases 409 and 410, the effects from lowering the strength parameters in the Argillite were studied. 

The strength values were taken from Table 7 for “weak Argillite”. Special for case 410 is that apart from 

lowering the strength parameters as earlier described, also the joint cohesion when using the material 

model Ubiquitous joints was set to zero, meaning that the cohesion in the bedding planes is 0 MPa. The 

low strength was combined with the maximum room size of 15 m and the minimum pillar width of 2 m 

in that specific case. 

Lastly, for cases 411 – 413, the mining sequence differs from the other cases. The focus here was to see 

how the rooms are affected before the additional five rooms to the right are mined. For case 411 rooms 

6 – 7 (out of 12) were studied and for cases 412 – 413 rooms 9 – 10 were studied. A summary of all 

these cases is shown in Table 15. 
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Table 15 Additional cases studied for drift-and-slash mining. Main focus on affects from the Argillite, the pillar design and mining sequence.   

* Counter clockwise 

CASE 
ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS/ 
ANGLE 

ARGILLITE 
PILLAR DESIGN 

MINING 
SEQUENCE 

401 14 4 Ubi-joints 1 m Straight 
Middle-

centered drift 

402 14 4 Ubi-joints 10 m Straight 
Middle-

centered drift 

403 14 4 Ubi-joints 5m, -15 ° * Straight 
Middle-

centered drift 

404 14 4 Ubi-joints 5m, +15 ° * Straight 
Middle-

centered drift 

405 14 4 - - Inclined 
Middle-

centered drift 

406 14 4 Ubi-joints 5m Inclined 
Middle-

centered drift 

407 14 4 Ubi-joints 5m Straight 
Left-centered   

drift 

408 14 4 Ubi-joints 5 m Straight 
Right-centered 

drift 

409 14 4 
Ubi-joints        

Low strength 
5m Straight 

Middle-
centered drift 

410 15 2 
Ubi-joints        

Low str., cj = 0 
5 m Straight 

Middle-
centered drift 

411 14 4 Ubi-joints 5 m Straight 
Middle-

centered, room 
6 - 7 

412 14 4 Ubi-joints 5m Straight 
Middle-

centered, room 
9 - 10 

413 15 2 Ubi-joints 5 m  Straight 
Middle-

centered, room 
9 - 10 

 

4.5.2. ROCK SUPPORT 

Another important aspect to study is the rock support currently used for drift-and-slash mining method 

in the Tara Mine. Figure 39 shows the different support classes used at the Tara mine. In this study, a 

combination of the classes E2 and G were used. For the cases when the drift is located next to a pillar, 

additional shotcrete was added to that wall. The three cases studying the rock support are illustrated in 

Figure 40. For all these cases bolts with a length of 2.4 m were used.  



48 
 

 

Figure 39 Support classes used in Tara mine (Boliden Tara Mines, 2016b) 

 

Figure 40 Three studied cases using rock support. Figure is not to scale. 
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To properly study the bolts, the calculation procedure used in FLAC is of large importance since, in 

reality, a lot of the deformations already have occurred before the rock support is installed. As can be 

seen in Figure 41, already 60 – 70 % of the deformations have occurred one blast length from the face. 

Because of this, the rock support was added in the models after approximately 60 – 70 % of the 

deformations in the drift had occurred. The mining procedure is further explained in Figure 42. The 

three cases analysed with focus on the rock support are summarized in Table 16. 

 

Figure 41 Displacements depending on distance between the face and the installing of reinforcement (Hanafy,1980). 
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Figure 42 Excavation procedure in FLAC when adding shotcrete and rock bolts. 

Table 16 Cases in FLAC including rock support. 

CASE 
ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS 
ARGILLITE 

PILLAR DESIGN 
MINING 

SEQUENCE 

501 15 m 3 m Ubi-joints 5 m Straight 
Middle-centered 

drift 

502 15 m 3 m Ubi-joints 5 m Straight 
Left-centered   

drift 

503 15 m 3 m Ubi-joints 5 m Straight 
Right-centered 

drift 

 

4.5.3. POSSIBILITIES OF DRIFT-AND-FILL MINING 

As earlier mentioned and described in Chapter 2.1, there might be a possibility of applying drift-and-fill 

mining instead of using drift-and-slash mining in the thin, low-rise lenses. If this method is to be used, 

the extraction ratio can increase significantly since only pillars will be left with a large distance from each 

other.  

This mining concept was modelled in FLAC by mining one room with a width of 10 m at each time. 

Intially, the first room was mined and then backfilled. After that, the next room was mined and backfilled 

until a total of 15 rooms were excavated. See Figure 43 for an illustration of the mining sequence. 
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Figure 43 Mining sequence when using drift-and-fill mining. 

In total, three cases were conducted in this part of the analysis. The first case with only an elastic 

material model, the second with a Mohr-Coulomb material model in the Pale Beds but no Argillite 

present, and the third case with the same situation as for the second case but with an additional Argillite 

layer with bedding planes included, see Table 17. 

Table 17 Cases in FLAC for drift-and-fill mining. 

CASE 
ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS 
ARGILLITE 

MINING 
METHOD 

601 10 m - 
Elastic (entire 

model) 
- Drift-and-fill 

602 10 m - - - Drift-and-fill 

603 10 m - Ubi-joints 5 m Drift-and-fill 

 

4.5.4. CRITICAL VERTICAL DISTANCE BETWEEN LENSES 

Since the ore is mined in thin lenses closely located to each other, the vertical distance between these 

lenses were analysed. The cases studied in FLAC were limited to vertical distances between 4 and 10 m. 

In some of the cases, Argillite was not included at all, in some a layer with “Argillite 1” was added, and 

in some both the layers “Argillite 1” and “Argillite 2” were included. For explanation of the different 

layers, see Figure 44. For the Argillite, both the material models Mohr-Coulomb and Ubiquitous joints 

were used separately to study the difference for Argillite with and without bedding planes. 

For cases 701 – 712, both lenses were mined simultaneously. For cases 713 – 716, the lower lens was 

entirely mined at first, followed by mining of the upper lens. This is illustrated in Figure 45 and Figure 

46 below. The studied rooms were mined as in the previous drift-and-slash cases. All the cases with 

focus on the critical vertical distance is summarized in Table 18. 
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Figure 44 Two lenses mined on top of each other. 

 

Figure 45 Mining sequence for cases 701 -712. Both lenses mined simultaneously.  

 

Figure 46 Mining sequence for cases 713 - 717. Lower lens mined before upper lens. 
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Table 18 Cases used in FLAC to analyse critical vertical distance. 

CASE 
VERTICAL 
DISTANCE 

ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS 
ARGILLITE        1 

& 2 

MINING 
SEQUENCE 

701 10 12 4 - - 
Lenses mined 

simultaneously  

702 8 12 4 - - 
Lenses mined 

simultaneously  

703 6 12 4 - - 
Lenses mined 

simultaneously  

704 4 12 4 - - 
Lenses mined 

simultaneously  

705 10 12 4 Mohr-Coulomb 4 m / - 
Lenses mined 

simultaneously  

706 8 12 4 Mohr-Coulomb 4 m / - 
Lenses mined 

simultaneously  

707 6 12 4 Mohr-Coulomb 4 m / - 
Lenses mined 

simultaneously  

708 4 12 4 Mohr-Coulomb 4 m / - 
Lenses mined 

simultaneously  

709 10 12 4 Ubi-joints 4 m / - 
Lenses mined 

simultaneously  

710 8 12 4 Ubi-joints 4 m / - 
Lenses mined 

simultaneously  

711 6 12 4 Ubi-joints 4 m / - 
Lenses mined 

simultaneously  

712 4 12 4 Ubi-joints 4 m / - 
Lenses mined 

simultaneously  

713 4 14 4 Ubi-joints 4 m / - 
Lower lens 
mined first 

714 6 14 4 Ubi-joints 4 m / - 
Lower lens 
mined first 

716 4 14 4 Ubi-joints 4 m / 4 m 
Lower lens 
mined first 

716 6 14 4 Ubi-joints 4 m / 4 m 
Lower lens 
mined first 

 

4.6. STUDIED CASES IN FLAC3D 
All previous cases were studied using the 2D-numerical modelling software FLAC. It is possible that 

three-dimensional cases will give somewhat different results due to 3D-effects that the two-dimensional 

analysis do not take into account. This is primarily because the two-dimensional study assumes the 

depth of the model to be infinite. To address these issues, a numerical modelling study was performed 

in FLAC3D as well. 

The first part of the analysis mainly focused on finding potential three-dimensional effects. This was 

performed by studying selected cases from the two-dimensional study and then comparing the results 

given by FLAC3D with the results obtained from FLAC. The cases selected were chosen after the analyses 
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in FLAC were finished; thus, the cases that showed to be the most interesting for future mining were 

selected for the FLAC3D study. 

Another important aspect with the study in FLAC3D was to analyse the rooms mined in the direction 

perpendicular to the rooms evaluated in FLAC. Because of the direction of the stresses, these cases 

could not be studied in a two-dimensional plane and therefore a three-dimensional study was 

necessary. The two mining directions are previously illustrated in Figure 25.  

The cases studied for drift-and-slash mining in FLAC3D are summarized in Table 19. The two first cases 

are evaluated with an elastic material model to investigate the stresses without any redistribution of 

the stresses due to yielding of the rock. For all the others, the Mohr-Coulomb material model were used 

for the Pale Beds. Since the cases with bedding planes in the Argillite gave the most severe results, the 

cases simulating Argillite without bedding planes were excluded in this part of the study.  

Lastly, two cases to investigate the critical vertical distance between the mined lenses were added to 

the numerical modelling study in FLAC3D. For these cases, a distance of 6 m were simulated with and 

without a layer of Argillite in between the lenses, placed on top of the lower lens. When Argillite was 

included, the material model Ubiquitous joints was used. The two cases are shown in Table 20 

.Table 19 Studied cases for drift-and-slash mining in FLAC3D. Mining direction is described in Figure 25. 

CASE 
ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS/ 
ANGLE 

ARGILLITE 
PILLAR DESIGN 

MINING 
DIRECTION 

001b 15 m 4 m 
Elastic (entire 

model) 
- Straight 

Direction 1 
(SW - NE) 

002b 15 m 4 m 
Elastic (entire 

model) 
- Straight 

Direction 2 
(SE – NW)  

101b 15 m 4 m - - Straight 
Direction 1 
(SW - NE) 

102b 15 m 4 m Ubi-joints 5 m Straight 
Direction 1 
(SW - NE) 

103b 15 m 4 m - - Straight 
Direction 2 
(SE -NW)  

104b 15 m 4 m Ubi-joints 5m Straight 
Direction 2  
(SE -NW) 

 

Table 20 Cases in FLAC3D studying critical vertical distance. 

CASE 
VERTICAL 
DISTANCE 

ROOM 
WIDTH 

PILLAR 
WIDTH 

FAILURE 
CRITERION 
ARGILLITE 

THICKNESS 
ARGILLITE         

1 & 2 

MINING 
SEQUENCE 

201b 6 14 4 - - 
Lower lens 
mined first 

202b 6 14 4 Ubi-joints 4 m / - 
Lower lens 
mined first 
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5. NUMERICAL MODELLING RESULTS 

5.1. CALIBRATION STUDY 
The results from the calibration study are presented by showing the plots of the calculated maximum 

principal stress, displacements, plasticity (yielded material), and shear strains, for the area surrounding 

the drift of interest. All plots for the calibration study are shown in Appendix E. Since fallouts happened 

on both sides of the drift and because cracked face plates were found in both of the walls, it was likely 

that the results should indicate stability problems in both walls. However, since the large fallout 

occurred in the right wall, this wall was the main object to study in the analysis. Also, the distance to the 

nearest stope were larger for the left wall than for the right wall, and therefore a higher stress 

concentration could be expected in the right wall, which explains why a larger fallout should have 

occurred there. 

The numerical modelling study started with examination of the results for case 00, also called the base 

case. In Figure 48 and Figure 49 , the yielded area and the maximum shear strain increment are shown 

together with results for some other cases. As can be seen, the yielded area reaches both stopes nearby 

the drift for case 00. Also, an odd strain pattern has developed in the plot over the maximum shear 

strain, which might indicate that either the strength of the rock is a bit low, and/or that there is an issue 

with the grid generation in the FLAC-model.  

The maximum principal stress for case 00 is in Figure 47 compared with the same version of the case 

analysed with an elastic material model instead of the Mohr-Coulomb material model. In all figures later 

on presented, the compressive stresses are marked as negative but in the rest of the report the 

compressive stresses are written as positive. The elastic case is mainly studied to see the magnitude of 

the stresses without any plasticity occurring that might lead to possible redistribution of the stresses. 

What can be seen for the elastic case is that the stresses in the right wall are approximately 70 – 90 

MPa, while the same area only reaches stress magnitudes of 30 – 50 MPa in the base case with the 

plastic material model. It can thereby be assumed that the plasticity occurring in the models are caused 

by high stresses and since these areas cannot take as high loads after the yielding, the stresses are 

redistributed to areas that still can take load. For the case with the plastic material model this is clearly 

visible. What also can be seen is that it is very likely that the fallouts occurred due to high stresses, since 

the stresses in the wall are high in the elastic case. 
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Figure 47 Maximum principal stress for case 00, elastic material model to the left and Mohr-Coulomb material model to the right. Negative 

stresses indicate compression.  

Since the base case indicates that the strength in the rock is too low, the cases included in the results 

only has rock with strength higher than the parameters used in case 00. Below in Figure 48, Figure 49 

and Figure 50, the plasticity, maximum principal stress and maximum shear strain increment are shown 

for a set of the analyzed cases. From these results, it can be concluded that the deformations in the 

studied wall are fairly low. For the base case, the maximum displacement in the wall is 1.2 cm. For cases 

with increased cohesion, the displacements decrease to 0.9 cm for case 6A with the highest cohesion. 

It can thus be assumed that the displacements alone are not an appropriate way to determine at which 

point the fallout should have occurred since the differences are very small between the different cases.  

Similarly, only studying the plasticity did not provide an obvious answer to when the fallout should have 

happened. Even for the cases with the highest strength, the areas closet to the walls are still in yield. It 

is probable that the plasticity by itself is not a good way to calibrate the strength parameters for this 

case. This because it is very difficult to determine what level of plasticity would lead to the occurred 

fallout. Plasticity alone does not necessarily lead to a fallout. 

 

Figure 48 Yielded elements for four selected cases showing that both walls have plasticity indicators even though the values of the strength 

parameters increases.  
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On the other hand, the maximum shear strain increment shows some interesting results. The odd strain 

pattern shown for the base case disappears when the friction angle or cohesion are increased. Case 2A 

with c = 11 MPa and case 4B with Ф = 48 ° both shows a more realistic behaviour. In both those cases, 

the shear strains are slightly higher in the walls, as they should be if a fallout due to shear should occur. 

Increasing the tensile strength do not seem to affect the shear strains to any significant degree.  

 

Figure 49 Maximum shear strain increment for cases in calibration study (case 5A and 6A are excluded). Comparison between varying the 

cohesion, friction angle and tensile strength can be made. 

The maximum principal stress also confirms the findings above. Studying the right wall, one can clearly 

see that a band with higher stresses is created around the fallout-area when the strength is increased. 

The high stresses indicate that the rock still is taking high load, while the stresses are lower in the area 

closest to the wall. In case 00, this pattern cannot be seen as clearly since a larger area close to the wall 

has the same level of stress. This stress pattern is first visible when the cohesion is set to 11 MPa as in 

case 2A, or when the friction angle is set to 44 ° as in case 2B. Varying the tensile strength seems to 

have little or no effect on the results. 
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Figure 50 Maximum principal stress for cases in parametric study (case 5A and 6A are excluded). Comparison between varying the cohesion, 

friction angle and tensile strength can be made. Negative stresses in the figure indicates compression. 

What could be concluded was that the parameters affecting the stability in the wall was the cohesion 

and the friction angle. Variation of the tensile strength barely had any effect on the results, which could 

be expected since the wall seem to have failed due to high stresses, not due to low, or tensile, stresses. 

Whether the cohesion or the friction angle (or both) should be calibrated to reach the most realistic 

results was harder to determine. The results show that the value for the friction angle probably should 

be around 44 - 48°, and that the cohesion should be around 11 MPa. Since case 2A showed realistic 

results for both the maximum principal stress and the maximum shear strain increment, a decision to 

only alter the cohesion was made. The cases with increased friction angle presented a wider spread in 

the results, showing that the friction angle should be somewhere in the interval of 44 ° to 48 °, which 

made it more difficult to calibrate.  

The conclusion was thus to increase the cohesion from 10 MPa to 11 MPa and leave the friction angle 

at 40 ° and the tensile strength at 4.2 MPa. These are the values presented in Chapter 4.3.1 when 

explaining the material parameters used in the further studies in FLAC and FLAC3D. 
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5.2. DRIFT-AND-SLASH MINING DESIGN AND MINING SEQUENCE 
One important goal with the numerical modelling study was to determine appropriate dimensions for 

the rooms and the pillars when mining with the drift-and-slash method. The results shown below are 

mainly based on the plots of stresses, deformations, and plasticity, from the analyses using FLAC. 

Because of the high number of plots, all of them are not included in this part of the report but can be 

found in Appendix D. In the following chapter, only the results for the cases of most interest are shown.  

What directly can be understood by studying the plots is that the layer of Argillite and the width of the 

pillars have a large impact on the roof behaviour. In Figure 51 and Figure 53, the level of plasticity is 

displayed for cases 101 – 106 and 301 – 306. As can be seen, the extent of yielding increases a lot when 

Argillite with bedding planes is added to the analysis. If comparing cases 201 – 206 in Figure 52, where 

the Argillite does not have any bedding planes, with 301 – 306 with the bedding planes included, it can 

be concluded that the bedding planes has an effect on the plasticity as well. Since the cases using the 

Ubiquitous joints material model shows more severe results, the continued presentation will focus on 

cases including the bedding planes.  

 

 

Figure 51 Plasticity plots for cases 101 - 106 with varying room and pillar widths and Argillite not included. 
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Figure 52 Plasticity plots for cases 201 – 206 with varying room and pillar widths and Argillite without any bedding planes included. 

 

Figure 53 Plasticity plots for cases 301 – 306 with varying room and pillar widths and Argillite with bedding planes included. 

  



61 
 

For all cases, even without the Argillite, the pillars have yielded all the way through, from top to bottom. 

Because of this, the extent of the plasticity by itself might not be the most accurate way to determine if 

the pillars are stable or not. This is because the pillar can yield and still be stable, although it carries less 

load then prior to yielding.  

Instead, the stresses in the pillars were further studied. Starting with the maximum principal stress, the 

elastic cases 001 – 003 are shown in Figure 54. What can be seen is that the stresses in the wide pillars 

are smaller than in the thin pillars, as anticipated. It was also interesting to note that when comparing 

case 001 and case 002, it is possible to see that a difference in room width have a small impact on the 

stresses. Compared to when the decreasing the pillar width in case 002 and 003, the effects from an 

increased room width is very small. For case 001 and 002, the stress in the middle of the pillar are around 

70 – 90 MPa, while in case 003 the stresses reach approximately 130 – 150 MPa. The models seem to 

be much more sensitive to decreasing pillar widths than increased room spans. 

 

Figure 54 Maximum principal stress for cases 001 – 003 with an elastic material model. Negative stresses in the figure indicates compression. 

The mean values of the maximum principal stress in the pillars were studied for cases 101 – 306. The 

results are summarized in Figure 55. The clear pattern shown is that the mean stresses in the wider 

pillar are higher than for the in the thinner pillars. This can for example be noted if studying the change 

between case 104 and 106 that have the same room width of 15 m and a pillar of either 4 m or 2 m. 

The mean stress is 75 MPa for the case with the 4 m pillar and only 52 MPa for the case with the 2 m 

pillar. Also, the cases with Argillite (including bedding planes) present results showing lower mean 

stresses. The reason to why the mean maximum principal stress is lower in some cases is the plasticity 

acting in the roof and the pillars. Due to the yielded elements, the stresses are redistributed to areas 

that have not yielded and can take high loads. This, of course, gets worse for the cases with thin pillars 

or the cases with Argillite in the roof, as shown in the figure. Obviously, the pillars are still strong enough 

to take some load, but not as much as before due to the yielding. Since the rock mass is simulated as a 

perfectly plastic material, the post-peak strength is not reduced (residual strength = peak strength), 

which further adds to this behaviour. In reality, some strength loss in the post-peak region should 

probably be expected, but current data does not permit quantification of this.  
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Figure 55 Mean-stresses in pillars calculated by FLAC. The first six bars show value for cases not including Argillite. The next six bars show 

results for cases with Argillite without any bedding planes. The last six bars show results for cases with Argillite including bedding planes.  

The stresses are compared in Figure 56 and Figure 57, showing the maximum principal stress for cases 

101 – 106 and 301 – 306 respectively. The difference between having no Argillite and Argillite with 

bedding planes is clear. The yielded and unloaded area in the roof increases markedly when a layer of 

Argillite is added. Also, the stress pattern and magnitudes in the pillars change.  

 

 

Figure 56 Maximum principal stress for cases 101 – 106 with different room and pillar widths and Argillite not included. Negative stresses in 

the figure indicates compression. 
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Figure 57 Maximum principal stress for cases 301 – 306 with different room and pillar widths and Argillite with bedding planes included. 

Negative stresses in the figure indicates compression.  

The deformations in the pillars are small. The results for the displacements for cases 301 – 306 can be 

studied in Figure 58. The largest deformation in the pillars is less than 2 cm and are thus not considered 

an issue. Some deformations occur in the roof, the largest displacements can be found in the middle of 

the roof where the drift is located. It is interesting to note that the pillar width seems to have a large 

effect on the area affected by these deformations. For the three cases to the left, the deformations with 

a magnitude around 2 cm (green colour) only can be found at a short distance above the roof. For the 

cases with thinner pillars, these areas are larger. The roof spans do not have the same distinct effect on 

the spread of the deformations as the pillar width does. Note that the largest deformation still is affected 

by both the pillar width and the room width, the description above is for the overall deformations in the 

nearby rock mass. 
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Figure 58 Total displacement for cases 301 - 306. When the pillar width is 4 m, the area with deformations around 2 cm (green colour) do 

not reach far above the roof. When the pillar width is decreased, the green area becomes larger.  

In the models, the largest deformations are found in the roof. The maximum roof deformation for all 

base cases are summarized in Figure 59. The figure shows that even for the worst case, the deformations 

are fairly small. The maximum displacement is around 5.5 cm. It is clear that the deformations are 

affected both by the room width and pillar width, and also the presence of Argillite and the applied 

material model. Although there are differences between the cases, the worst case still has small and 

acceptable deformations. 

 

 

Figure 59 Maximum deformations in the roof for all cases 101 - 306. The six bars to the left shows maximum deformations for cases without 

any Argillite, the six cases in the middle includes Argillite without bedding planes and the last six bars includes Argillite with bedding planes.  
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When summing up the results for the cases 101 – 306 with respect to the room- and pillar dimensions, 

one can see that overall the models are more critically affected by the pillar width than by the room 

span. The difference from changing the pillar width from 4 m to 2 m has a larger influence on both the 

roof- and pillar stability than an increase of the room width from 12 m to 15 m. 

As earlier mentioned, all cases (including Argillite) presented above has a thickness of 5 m of the Argillite 

layer. In reality, the layer thicknesses can be between 1 and 10 m, and cases 401 and 402 includes these 

two extreme values to study what effect the thickness of the Argillite layer has on the stability. 

The calculated plasticity shows that the case with a thicker Argillite layer of 10 m has a larger yielded 

area than in the case with 5 m thick layer, see Figure 60. However, the plasticity does not reach the top 

of the layer as it does for the case2 401 and 302. For the case with a thickness of 1 m, the whole layer 

of Argillite some of the Pale Beds above it are affected by the yielding. The difference between case 401 

and case 302 are clearly larger than the difference between case 402 and case 302. It can be assumed 

that even thicker layers of Argillite would have results similar to case 402. This means that the effects 

on the roof from the thickness of the Argillite is not linear and decreases for thicker Argillite layers.  

In Figure 61 it is also shown that the thickness has an impact on the deformations. The maximum 

deformation in the roof for case 401 with a layer thickness of 1 m is approximately 2.1 cm and for case 

402 with 10 m thick Argillite layer the maximum deformation approximately is 6.0 cm. Case 304 with a 

5 m thickness presents a value in between these. 

 

Figure 60 Plasticity comparison for cases with different thickness of Argillite layer.  

 

Figure 61 Maximum roof deformation with varying thickness of the Argillite layer.  
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When the angle of the bedding planes in the Argillite is changed, a more severe change in results can 

be seen. By studying the maximal roof deformation in Figure 62, it is obvious that the deformations are 

largely increasing. This applies for both cases 403 and 404, even though the bedding planes are angled 

+15 ° counter clockwise in one of the cases and -15 ° in the other case(s). This means that if the bedding 

planes do not follow the direction of the roof, problems with displacements can be excepted. 

 

Figure 62 Maximum deformations in the roof for variations of the angle of the bedding planes, using ubiquitous joints.  

When analysing the effects from changing the pillar design from straight to inclined pillars as in cases 

405 and 406, no relevant effect on the stability can be seen. The extent of the plasticity and the 

maximum deformations are about the same. The stress field is slightly changed, see Figure 63. The 

stresses in the roof becomes a bit lower, but not critically low. No distinct positive nor negative effect 

from changing the pillar design is shown. 

 

Figure 63 Comparison of maximum principal stress for cases with straight pillars and inclined pillars. Negative stresses in the figure indicates 

compression. 
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In case 407 – 409 the mining sequence was analysed. The drift was placed to the right, in the middle, or 

to the left to study the changes in the model. No advantage or disadvantage could be seen for either of 

the cases. The yielded area is the same for all the three cases, as are the stresses. There is a minor 

change in the maximum roof deformation, but neither of the cases is more or less favourable than the 

others, see Figure 64. 

 

Figure 64 Maximum roof deformation with varying placement of the drift.  

For all cases including a layer of Argillite presented above, the strength parameters for Argillite based 

on mean values has been used, see Table 7. In cases 409 and 410, the weaker version of Argillite was 

applied. As can be expected, it made the stability situation worse. In case 409 the maximum 

deformations increased from approximately 4 cm to 8 cm (when case 409 is compared with case 302 

with strength parameters based on mean values). As shown in Figure 65 below, most deformations 

occur in the middle of the roof where the drift is placed. This pattern cannot be seen as clearly in the 

cases with stronger material properties for the Argillite. It is likely that the drift location has a larger 

impact on the roof behaviour when the Argillite is weaker.  

 

Figure 65 Displacements for case 409 with weak Argillite in the roof. In the figure, the drift was placed in the middle of the rooms, where the 

largest deformations occur. 

Case 410, with weak Argillite and also the joint-cohesion set to zero, never reached an equilibrium in 

FLAC. The roof had too large deformations for the calculation to proceed and no plots for this case were 

thereby included. What can be concluded from that case is that if the joint-cohesion in the bedding 

planes is lower than 0.1 MPa, severe stability issues in the roof might develop.  
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Lastly, the difference between the number of mined rooms was evaluated in cases 411 – 413. In case 

411 rooms 6 – 7 are studied, and in case 412 the rooms 9 – 10 are studied. The results in FLAC shows 

that the difference between these cases are small. There is no change in the stress field nor any increase 

of the yielded area. The maximum roof deformations are also in the same scale, around 1.3 – 2.5 cm. 

Moreover, for case 413, the deformations are fairly small in rooms 9 – 10, even though the room and 

pillar widths are the most extreme. The stability situation for rooms 6 – 7 and rooms 9 – 10 seems to be 

the approximately the same. 

All results for this chapter can be summarized as following: 

• The pillar stability is highly affected by the width of the pillar. The stress situation is much more 

severe for the pillars with a width of 2 m than for the pillars with a width of 4 m. 

• The size of the rooms has a much smaller effect on the stability. Only small changes can be seen 

in the stresses and the displacements when the room width is increased from 12 m to 15 m.  

• The thickness of the Argillite has an impact of the roof deformations and plasticity. However, 

the difference gets smaller when going from a thickness of 5 m to 10 m than from 1 m to 5 m. 

The effects do not seem to be linearly increasing with increased thickness. 

• The angle of the bedding planes in the Argillite has a large effect on the deformations. The 

deformations clearly increase if the bedding planes do not follow the direction of the roof.  

• There are no obvious advantages or disadvantages of using inclined pillars instead of straight 

pillars. The same goes for the location of the drift. No advantage can be seen when moving the 

drift to the side of the room instead of placing it in the middle. 

• Lower strength of the Argillite leads to larger roof deformations. Decreasing the joint-cohesion 

in the bedding planes can lead to severe stability issues. 

• There is only a small difference in deformations between the results for mining until reaching 

rooms 6 – 7 than for mining until reaching rooms 9 – 10.  

5.3. ROCK SUPPORT 
When studying the rock support, the shotcrete and the rock bolts are evaluated separately. The main 

focus in the analysis was to control that the planned amount of support is sufficient and to see if there 

are any crucial differences for the support action when moving the drift. 

Starting with the rock bolts, results are presented below for each of the three cases. The first table 

shows the maximum axial load in the bolts before additional rooms are mined to the right of the two 

studied rooms, see mining sequence in Figure 42. The second table shows the load when five more 

rooms are mined to the right to see how it may affect the bolts. In both cases, the bolts placed in rooms 

6 – 7 are evaluated. 
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Starting with case 501, with the drift located in the middle of the room, the results for the axial load 

given by FLAC are presented in Table 21. Also, the bolts loaded to the maximum axial load are marked 

in red in the illustration shown in Figure 66. The results show that the axial force on the bolts has not 

reached their maximum limit when excavation has proceeded only to rooms 6 – 7. When additional 

rooms are mined to the right, the load increases. 

 

Figure 66 Bolts loaded to maximum axial load for case 501 marked in red. 

Table 21 Maximum axial load for bolts in case 501 with drift placed in the middle. 

NUMBER 
MAXIMUM AXIAL LOAD               
(EXCAV. TO ROOM 6 – 7) 

MAXIMUM AXIAL LOAD                  
(EXCAV. TO ROOM 11 - 12) 

1 84 kN 246 kN 

2 72 kN 246 kN 

3 71 kN 246 kN 

4 82 kN 246 kN 

5 96 kN 170 kN 

6 56 kN 246 kN 

7 55 kN 246 kN 

8 57 kN 246 kN 

9 64 kN 163 kN 

10 82 kN 145 kN 
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For case 502 with the drift placed to the left, the results are summarized in Figure 67 and Table 22. As 

can be seen, even before rooms after room 7 are mined, the axial load for the bolts in the pillars and 

for the bolts in the roof closest to the pillars have reached the maximum value. When five more rooms 

are mined to the right, the load increases slightly, but the difference is not that significant. 

 

Figure 67 Bolts loaded to maximum axial load for case 502 marked in red. 

Table 22 Maximum axial load for bolts in case 502 with drift placed to the left. 

NUMBER 
MAXIMUM AXIAL LOAD               
(EXCAV. TO ROOM 6 – 7) 

MAXIMUM AXIAL LOAD                  
(EXCAV. TO ROOM 11 – 12) 

1 246 kN 246 kN 

2 240 kN 246 kN 

3 123 kN 154 kN 

4 55 kN 102 kN 

5 64 kN 152 kN 

6 246 kN 246 kN 

7 246 kN 246 kN 

8 136 kN 170 kN 

9 67 kN 123 kN 

10 87 kN 127 kN 

A, B, C 246 kN 246 kN 

D, E, F 246 kN 246 kN 
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Lastly, for case 503 with the drift placed to the right, results are presented in Figure 68 and Table 23. 

For this case, the bolts in the leftmost pillar (bolts A, B and C) are loaded to the maximum axial load. The 

bolts in the rightmost wall (bolt D, E and F) are at first very lightly loaded since nothing is mined to the 

right of the rooms. Then, when five more rooms are excavated to the right, also those bolts reach the 

maximum axial load. The same goes for the two bolts in the roof closest to the pillar. 

 

Figure 68 Bolts loaded to maximum axial load for case 503 marked in red. 

Table 23 Maximum axial load for bolts in case 503 with drift placed to the right. 

NUMBER 
MAXIMUM AXIAL LOAD               
(EXCAV. TO ROOM 6 – 7) 

MAXIMUM AXIAL LOAD                  
(EXCAV. TO ROOM 11 - 12) 

1 114 kN 240 kN 

2 72 kN 244 kN 

3 99 kN 245 kN 

4 220 kN 246 kN 

5 227 kN 246 kN 

6 49 kN 191 kN 

7 47 kN 221 kN 

8 70 kN 245 kN 

9 86 kN 246 kN 

10 73 kN 246 kN 

A, B, C 246 kN 246 kN 

D 18 kN 246 kN 

E 18 kN 246 kN 

F 58 kN 246 kN 
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In addition to studying the axial load, it was also important to control that the bolts do not exceed the 

tensile failure strain limit set to 10 %. The tensile strain is checked for a few of the highly loaded bolts in 

each case. For case 501, when only excavation have proceeded to rooms 6 – 7, the strain in the bolts in 

the roof are less than 0.1 %. Since neither of the bolts are loaded to maximum loads, this is not very 

surprising. When more rooms are excavated to the right, this number increases to a maximum value of 

0.8 %, which still is low and way below the strain limit. These results together with the results for case 

502 and 503 are shown in Table 24 and Table 25. As can be seen, the strains in the pillars are slightly 

higher, but still far under the limit of 10 %. Since the bolts do not exceed the tensile failure strain limit, 

they are strong enough for their purpose. 

Table 24 Maximum strains in the bolts in the roof and the pillar for when mining has proceeded to rooms 6 - 7. 

EXCAV. TO ROOM 6 - 7 

CASE MAX. STRAIN IN ROOF BOLTS MAX. STRAIN IN PILLAR BOLTS 

501 < 0.1 % - 

502 0.8 % 1.0 % 

503 0.3 % 1.8 % 

 

Table 25 Maximum strains in the bolts in the roof and the pillar for when mining has proceeded to rooms 11 – 12. 

EXCAV. TO ROOM 11 - 12 

CASE MAX. STRAIN IN ROOF BOLTS MAX. STRAIN IN PILLAR BOLTS 

501 0.9 % - 

502 1.0 % 1.4 % 

503 0.8 % 1.8 % 

 

Lastly, one of the purposes with the rock bolts is to decrease the deformations. In this case, the 

deformations are fairly small to start with and the main practical purpose with the bolts will be to hold 

wedges in place. Because of this, only a minor study was performed to control that the deformations 

decreases when applying bolts compared with a case when bolts are not used. 

In Figure 69, case 501 with drift and bolts placed in the middle of the room is compared with the same 

case not using any bolts. The deformations in the middle of the room in the case without any support is 

approximately 2.5 cm, and for the case with the rock support only 1.75 cm. This means that the 

deformations in the bolted drift are roughly 70 % of the initial deformations for the unsupported roof. 

Since the bolts are modelled one blast length after the face, these results are as anticipated, since 70 % 

of the deformations should have occurred at that state, see Figure 70.  
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For cases 502 and 503, the results were similar to what is shown for case 501, with the deformations 

for cases with rock support included being approximately 70 – 80 % of the deformations for the cases 

without any rock support.  

 

Figure 69 Displacement for case 501 without including any bolts. Drifts are placed in the middle of the rooms. 

 

Figure 70 Displacement for case 501 including bolts. Drifts are placed in the middle of the rooms.  

Also, case 602 with drift placed to the left and bolts in the leftmost pillars, was checked to study whether 

the deformations in the pillars decreases after bolts are installed. As can be seen, the maximum 

deformations in the pillars are small, around 1.25 cm. After the bolts are installed, these deformations 

end up being approximately 1 cm. Thus, the deformations have decreased to around 80 % of the original 

values, which can be expected, see Figure 71. 

 

Figure 71 Displacement in right pillar wall for case 502 with and without bolts. Only a part of the pillar is shown in these plots from a front 

view. White area represents a part of the mined room. 

 

 

BEFORE BOLTS AFTER BOLTS 
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To determine if the installed shotcrete is sufficient, the tensile stresses are studied since concrete is 

sensitive to tension. A limit value for what the concrete can handle in tension was presented in Chapter 

4.3.2, saying that the tensile strength for the shotcrete used in Tara mine is around 6 MPa. If the tensile 

stresses exceed this limit, cracks might start showing in the shotcrete. However, since the used 

shotcrete is reinforced, it is possible that the shotcrete holds even though cracks occurs.  

To determine the highest tensile stress in the shotcrete, the fiber stresses in the shotcrete segments 

with the largest deformations were evaluated for a case with the drift in the middle of the room and a 

case with the drift to the side. These points are marked in red in Figure 72. The highest tensile stresses 

were calculated using Equations 6 and 7 shown below (Hoek et. Al., 2008). Both equations are normally 

used to study the linear elastic behaviour of shotcrete. The first equation used Navier’s equation to 

determine the tensile stress, as a function of normal (axial) force and moment. The second equation 

calculates the tensile stress as a function of normal (axial) force and shear force, assuming a Mohr 

Coulomb failure criterion (Hoek et. al., 2008). 

𝜎𝑚𝑖𝑛 =
𝑁

𝐴
−

𝑀∗𝑡

2∗𝐼
     (6) 

𝜎𝑚𝑖𝑛 =
𝑁

2∗𝐴
− √(

𝑁

2∗𝐴
)2 + (

3∗𝑄

2∗𝐴
)2    (7) 

where, 

σmin = tensile stress 

N = axial force  

M = moment  

t = thickness 

A = cross sectional area 

I = moment of inertia 

Q = shear force 

For the points of interest, the moment, axial force and shear force were obtained from FLAC and the 

tensile stresses were calculated using both Equation 6 and 7. The results for these calculations are 

shown in Table 26. Tensile stresses above the limit 6 MPa were not found for either of these points and 

thus cracks in the shotcrete should not be expected.  
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Figure 72 Red points marks the area with the largest deformations in the shotcrete. These points are used for evaluation of the highest 

tensile stresses in the shotcrete. 

Table 26 Tensile stresses in shotcrete for points shown in figure above. The studied points are the points with the largest deformations. 

TENSILE STRESS IN SHOTCRETE 

POINT TENSILE STRESS EQUATION 6 TENSILE STRESS EQUATION 7 

1 2.1 MPa 1.6 MPa 

2 1.5 MPa 0.5 MPa 

3 3.3 MPa 0.7 MPa 

4 2.0 MPa 0.6 MPa 

 

Results for rock support summarized as: 

• Rock bolts placed in pillars reaches maximum axial loads, but the strains are lower than the 

maximum accepted values and thereby the bolts will not fail. 

• Most bolts in the roof do not reach maximum axial loads, and the ones that do still has low 

strains and therefore the bolts will not fail. 

• When more rooms are mined to the right after room 6 – 7, the load in the bolts increases, but 

the strains are still acceptable. 

• The deformations in the roof and pillars are small even without the bolts, but with the bolts the 

deformations are even smaller. The deformations when using rock support is around 70 – 80 % 

of the deformations when not applying rock support. Even if the bolts main purpose is to hold 

wedges back, the decreasing deformations shows that the bolts works as they should. 

• The shotcrete will not fail since the tensile stresses are lower that its tensile strength. 
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5.4. POSSIBILITIES OF DRIFT-AND-FILL MINING 
To study whether drift-and-fill mining could be an appropriate mining option instead of drift-and-slash 

mining the stresses, plasticity, and deformations were investigated. In the analysis, one room was mined 

at the time (as in Figure 43) until a total of fifteen rooms were excavated.  

The maximum deformation slightly increases for each excavated room. For case 602 without any 

Argillite, the maximum roof deformation in the fourth room are around 3- 4 cm in the fifteenth room. 

If Argillite is added as in case 603, the maximum deformation span is between 5 and 6.5 cm. The 

deformations are small even after fifteen rooms are mined.  

For the stresses in Figure 73, it is shown that the stresses in the roof and the floor are low, although not 

so low that the area above the Argillite yields in tension. Some yielding occurs in the floor in the 

previously excavated and backfilled rooms, see Figure 74. As shown, the stresses in the right wall are a 

bit higher and are causing some plasticity, but only close to the room.  

 

Figure 73 Maximum principal stress for room 15 in case 602 and 603. The case to the left does not include any Argillite and the case to the 

right includes Argillite with bedding planes. Negative stresses in the figure indicates compression. 

 

Figure 74 Yielded areas for room 15 case 602 and 603. The case to the left does not include any Argillite and the case to the right includes 

Argillite with bedding planes 

Worth to mention is that this study is brief and only analyses the potential to apply the method from a 

stability perspective and from that perspective the results from the analysis showed that drift-and-fill 

mining could be an option in Tara Mine. What could be an issue is the low stresses in the roof and the 

floor, either causing fallouts in the roof or floor heaving. Also, there might be fallouts due to high 

stresses in the outer, high-stressed, wall of the last mined room.  
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The results for the drift-and-fill mining possibilities summarized as: 

• Results shows similar results even if four or fifteen rooms are excavated. There is only a small 

increase in displacements. 

• The stresses in the roof and floor are low. In the roof, the stresses are not so low that the Pale 

Beds yield in tension but some areas in the floor yields due to low stresses in the previously 

backfilled rooms when more rooms are mined. This is not seen in the currently mined room. 

• The models show that it is stable to mine with the drift-and-fill method when a room width of 

10 m is applied. 

• The analysis results indicate that drift-and-fill mining is an interesting method to study further. 

 

5.5. CRITICAL VERTICAL DISTANCE BETWEEN LENSES 
To find the critical vertical distance between the mined lenses a variation of distances between 4 m and 

10 m was analysed. For cases 701 – 712 the main focus was to see how the critical vertical distance 

depends on whether Argillite is present or not, as well as to see how the varying distance affects the 

stresses and plasticity in the models. Since these cases is studied with a mining sequence where both 

lenses are mined simultaneously, the deformations calculated by FLAC might not be accurate. In reality, 

the bottom lens is mined before the top lens, which will affect the deformations. To get more accurate 

results from this perspective, case 713 – 716 were added to the study with more focus on studying the 

displacements in the models. The overall stresses and the plasticity should be approximately the same. 

For cases 701 – 712, the stresses and the plasticity were mainly studied. Shown in the plots was that 

the two lenses in the cases without any Argillite present do not seem to have an obvious effect on each 

other. Even at a 4 m vertical distance, plasticity still only occurs in the pillars and not in the roof nor in 

the floor. When Argillite with bedding planes is included, the level of plasticity increases. For distances 

above 6 m, the lenses do not affect each other much, but for distances between 4 m and 6 m the 

plasticity in between the lenses increases more significantly. For the cases where the vertical distance 

is 6 m, there are still undamaged areas between the lenses that have not yielded. But for the 4 m 

distance, the area between the lenses has yielded all the way through, as shown in Figure 75. For cases 

705 – 708 with an Argillite layer without any bedding planes, the results show less plasticity than for 

cases including the bedding planes. 

Also, the stresses in cases 709 – 712 shows that distances below 6 m seems less stable. Plots of the 

maximum principal stress for cases 709 - 712 are shown in Figure 76. The low stresses in between the 

lenses combined with weak bedding planes in the Argillite might lead to tensile failures in the roof for 

the lower lens and floor heave in the upper lens.  
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Figure 75 Yielded elements for cases 701 - 712. When Argillite is not included in the top four cases, no plasticity occurs between the lenses. 

When Argillite is added, the Argillite layer yields. The situations become slightly worse when bedding planes is included.  

 

Figure 76 Plots showing maximum principal stress for cases 709 - 712. All cases include a layer of Argillite with bedding planes between the 

lenses. Negative stresses in the figure indicates compression. 

For case 713 – 715, with the more realistic mining sequence, mainly the deformations were evaluated. 

The maximum displacement is only 1.6 cm for case 714 with a vertical distance of 6 m, while it increased 

to 9.5 cm in case 713 with a vertical distance of 4 m. Before the additional five rooms to the right of the 

studied rooms were excavated (see mining sequence in Figure 46), the displacements were 1.2 cm 

instead of 1.6 cm and 6.0 cm instead of 9.5 cm, with the example for case 713 is shown in Figure 77. 

This means that further mining of rooms to the right can increase the deformations with approximately 

35 – 55 %, if the rooms are not backfilled. It is important to mention that these larger displacements 

occur in the floor, not in the roof as for the single lens cases. This means that floor heaving probably can 

be expected for these cases. 

If an additional layer of Argillite then is added on top of the upper lens, as for cases 715 – 716, the 

deformations remains about the same, see the comparison between cases 713 and 715 in Figure 77. 

The stress field above the upper lens is slightly changed since the layer of Argillite leads to plasticity in 



79 
 

the roof, but overall the results for these cases are similar. The Argillite layer in between the two levels 

have a much stronger influence on the vertical stability than layer of Argillite above the upper lens. Case 

716 with a 6 m vertical distance and two Argillite layers shows the same results, with even smaller 

differences to the corresponding case 714 than shown below when comparing cases 713 and 715.  

 

Figure 77 Maximum stress and total displacement for cases 713 and 716, showing the differences between only having one layer of Argillite 

in between the lenses compared with having one layer of Argillite on top of each lens. Only the rooms in the upper lens is displayed since the 

rooms in the lower lens are backfilled. Negative stresses in the figure indicates compression. 

For all these cases, the thickness of the Argillite has been set to 4 m. In reality, there may exist layers 

with larger thicknesses. Also, the Argillite might be weaker than in the studied cases. In those cases, 

even vertical distances over 6 m might be critical to mine, but it was outside the scope of the present 

study to also investigate these alternatives.  

The results for analysis of critical vertical distance can be summarized as follows: 

• The stresses in between the lenses becomes critically low when the vertical distance is below 6 

m. Argillite severely impairs the situation.  

• The whole area in between the two lenses only becomes completely yielded when the vertical 

distance is set to 4 m and the whole area is built up of Argillite. 

• Deformations with vertical distances from 6 m and up are low, around 1 – 2 cm. If the vertical 

distance is decreased, the displacements in the floor increases to approximately 10 cm in the 

models. 

• Most deformations occur when the two studied rooms are mined. The deformations slightly 

increase when additional rooms are mined to the right of the two studied rooms. 

• Adding an additional layer of Argillite on top of the upper lens has a small effect on the critical 

vertical distance. 
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5.6. LOW-RISE MINING IN FLAC3D 
Similar to the results from FLAC study, the focus of the FLAC3D results were the stresses, yielded 

elements, and displacements. All plots can be found in Appendix E. Starting with the cases 101b and 

102b with the same mining direction (SW to NE) and geometries as case 104 and 304 in the FLAC-study, 

the results are presented and compared below. By comparing the yielded areas in Figure 78, it is clear 

that the same areas have yielded both in 2D and in 3D, but that the areas are quite smaller in the 3D-

mode.  

 

Figure 78 Yielded elements for case 101b and 102b in FLAC3D. When no Argillite is included, no plasticity occurs in the roof as it does for 

case 102b with Argillite with bedding planes. 

 

Figure 79 Yielded elements for case 104 and 304 in FLAC. The behaviour is similar as for the cases in FLAC3D, but the areas yielded in FLAC is 

a bit larger. 

The calculated stresses indicate that the overall stress pattern is the same both in FLAC and FLAC3D, but 

that the stresses are slightly lower in the three-dimensional cases. This is particularly so when studying 

the pillars. In the middle of the pillars, the two-dimensional model gave values around 110 – 120 MPa 

for case 104. The corresponding case 101b in the 3D-modell have stresses of approximately 70 – 80 

MPa in the centre of the pillar, see also Figure 80 and Figure 81.  
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Figure 80 Maximum stresses for cases 101b and 102b in FLAC3D. The case to the left do not include any Argillite and the case to the right 

includes Argillite with bedding planes. Negative stresses in the figure indicates compression.  

 

Figure 81 Maximum stresses for cases 104 and 304 in FLAC. Compared with the FLAC3D results, the stresses get slightly higher in FLAC. 

Negative stresses in the figure indicates compression. 

Since the lower stresses could be caused by redistribution of the stresses due to yielding of the 

elements, the elastic case 001b was also evaluated and compared with the corresponding two-

dimensional case with an elastic material model, as shown in Figure 82. The maximum stresses in the 

plots are lower in the FLAC3D-model compared to what can be seen in the results given by FLAC. These 

results could be expected since the two-dimensional model assumed the rooms to be mined to an 

infinite depth (or length) while the depth (length of the stopes) in the three-dimensional models are set 

to a specific value.  

 

Figure 82 Stresses for elastic case 001b in FLAC3D and corresponding two-dimensional case 002 in FLAC. Negative stresses in the figure 

indicates compression. 

The deformations are similar both the cases in FLAC and FLAC3D. The maximum roof deformation for 

the cases without Argillite are both just below 2 cm and for the cases with Argillite the maximum 

deformations are 2.6 cm in 3D and 4 cm in 2D. 

For cases 103b and 104b, there are no two-dimensional cases to directly compare with, since these 

rooms are mined in the southeast-northwest direction. However, if comparing the results to the cases 

mined in the perpendicular direction (southwest to northeast), there are some differences. Starting with 

the yielded elements, see Figure 83, the pattern is different from what can be seen in Figure 78. No 

plasticity can be found in the pillars, but the roof and the floor are damaged. For the cases including 

Argillite, the whole layer of Argillite has yielded but the pillar still is unaffected. The maximum principal 
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stresses for these two cases are shown in Figure 84. Overall, the stresses are low, particularly in the roof 

where most of the plasticity occur. The stresses in the middle of the pillars are approximately 40 MPa, 

which explains why there are no yielded elements in the pillars in either of the cases.  

To explain the yielded areas in the roof, the minimum principal stress (which also shows the largest 

tensile stresses) were evaluated for the elastic case 002b. Visible in Figure 85 is that the tensile stresses 

are very high in the roof. Closest to the roof the values reach 12 MPa, which is higher than the tensile 

strength for both the Pale Beds and the Argillite. This means that the roof yields due to tension.  

 

Figure 83 Yielded elements for cases 103b and 104b in FLAC3D. No Argillite is included in the case to the left and Argillite with bedding 

planes is included in the case to the right. 

 

Figure 84 Maximum stresses for case 103b and 104b in FLAC3D. The case to the left, no Argillite occurs and for the case to the right, Argillite 

with bedding planes is included. Negative stresses in the figure indicates compression. 

 

Figure 85 Minor principal stress for case 002b showed to study the tensile stresses. The figure indicate that the roof yields in tension. 

Negative stresses in the figure indicates compression. 

The displacements for cases 103b and 104b were small in general. Similar to the cases in FLAC, the 

deformations in the roofs are higher than in the pillars. Both case 103b and 104b show maximum roof 

deformations around 1 cm. 

Studying the last two cases, 201b and 202b, the comparison with the corresponding cases from FLAC 

(cases 703, 711 and 714) leads to similar conclusions as for the comparison between cases 101b and 

102b. The results in FLAC3D are slightly better than the results in FLAC due to the three-dimensional 

effects. In Figure 86, the yielded areas are shown for the FLAC3D-cases. 
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Figure 86 Yielded elements for cases 201b and 202b in FLAC3D with a vertical distance of 6 m, both with and without Argillite.   

An important aspect of the verification in FLAC3D was whether the statement made about the critical 

vertical distance was still valid. As shown above, the plasticity decreases when using FLAC3D and the 

stresses becomes lower, as also is seen in cases 101b and 102b. The maximum roof displacements in 

the roof both in 2D and 3D are between 1 and 2 cm, which is fairly low. Because of this, vertical distances 

down to at least 6 m should be stable, unless the material in between the lenses are weaker than in the 

studied cases. 

The results from the 3D-analysis can be summarized as follows: 

• The results from the 3D-analysis are similar to the results from the 2D-analysis. The stresses in 

FLAC3D are, however, lower and the yielded area is smaller. Deformations are in the same 

range. Overall it is shown that the three-dimensional effect leads to slightly better results, which 

was expected.  

• For the cases 103b and 104b mined perpendicular (SE to NW) to the mining direction simulated 

in 2D, stability issues due to high tensile stresses can be expected in the roof and floor. The 

affected area increases significantly if Argillite is present, but the tensile stresses are high 

enough to also damage the Pale Beds. On the other hand, the stresses in the pillars for these 

cases are low and no plasticity occurs inside the pillars. For these cases the roof and floor are 

the areas that can expect most issues. 

• The study of the critical vertical distance leads to the same conclusions in FLAC as it does in 

FLAC3D. As long as the vertical distance is at least 6 m and the material in the middle of the 

lenses is not weaker than the studied Argillite, the area should be stable.  
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6. DISCUSSION 

6.1. ROOF- AND PILLAR STABILITY 
Starting with the FLAC-results presented for the cases using drift-and-slash mining, an important aspect 

to discuss are the dimensions of the rooms and the pillars. Earlier shown in Chapter 5.2 was that the 

results from increasing the pillar width would lead to a much larger increase of the stresses in the pillars, 

the overall plasticity and the roof deformations than if the room width is enlarged. Cases with a pillar 

width of 4 m showed similar results for all cases with room spans between 12 – 15 m. The change in 

stability between cases with a pillar width of 4 m or 2 m was much more distinct. The study also showed 

that there is no significant difference between using straight pillars and inclined pillars. 

If only studying the results given by FLAC, it seems like it would be a much better option to increase the 

width of the room, to for example 15 m, and let the pillars be 4 m. All studied cases with a pillar width 

of 4 m indicates more stable pillars than the cases with a pillar width of 2-3 m since the wider pillars 

show that areas inside the pillars are still taking high load while this is not as clear in the thinner pillars. 

Also, the deformations in the roof and the area above the roof are small. This is further confirmed by 

the analyses performed in FLAC3D. Although, some aspects not considered in the models due to 

simplifications must be considered in the discussion of the most appropriate room- and pillar 

dimensions.  

Firstly, the rock mass modelled is a simplification of the reality since it is modelled as a homogenous 

rock mass, which not often is the case in reality. However, in the Tara Mine the rock mass is fairly 

homogenous, and that simplification might not cause that much errors in the results.  

Secondly, only a continuous rock mass can be studied in FLAC, meaning no discontinuities such as joints 

or faults are included in the study. When evaluating the fallouts in the potential calibration studies 

described in Chapter 3.3, it was shown that for two of those cases, joints and faults led to fallout of the 

Argillite in the roof. In the models, the deformations in the Argillite layer are small, but almost the whole 

layer of Argillite has yielded. Because of this, the presence of joints and faults are likely crucial for the 

stability of the roof since the Argillite already is weakened by the yielding. Large roof spans would then 

increase the probability of fallouts. This means that if the discontinuities in the roof are considered 

alone, it would be better to mine the area with thinner pillars and a smaller room width to still keep a 

high extraction ratio and to lower the probability of structurally caused fallouts in the roof. The 

discontinuities could also affect the pillars. A slender pillar is more likely to fail due to these joints and 

faults than a wider pillar.  

Discussing both the results from the study together with the limitations in the models, there is no 

obvious answer to what room- and pillar widths are the best to apply in the mine. There are both 

advantages and disadvantages with an increased room width and a decreased pillar width, respectively. 

The results of the modelling study must be analysed together with the discontinuities in a specific area 

to be able to decide what dimensions are the most appropriate from an economical and a safety 

perspective. The main risk with a wide room is structurally caused failure and for slender pillars the main 

risk is failure of the pillar itself together with larger roof deformations. Of course, a smaller room in 

combination with a wide pillar is the best option from a stability perspective, but then the extraction 

ratio decreases. From a stability perspective, a wide room and a thin pillar is not likely a good option 

due to risk of instability in both the roof and the pillars. It is important to add that even the slender 

pillars with a width of 2 m still takes load even after they have yielded all the way through. This means 
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that the pillar will not necessarily be unstable just because of the plasticity and the high stresses. 

Because of the uncertainties with the chosen material model, this is further discussed in Chapter 6.4. 

For the Argillite thickness, the study has shown that the increase in the effect on the stability increase 

much for an Argillite layer thickness between 1 – 5 m, while the effects from thicknesses above 5 m 

seems smaller. It is likely that it is the first few meters of the Argillite that is the most damaged and in 

risk of falling out. It is important to realisethat the roofs containing Argillite probably will be sensitive 

due to the yielding, and hard scaling should not be performed since it likely will be easy to scrape of a 

large piece of the yielded Argillite, especially considering the bedding planes. Also, if the bedding planes 

do not follow the roof, this will be even more critical (and the deformations will be larger to start with). 

Also, the strength of the Argillite has a large influence on the roof deformations. The roof deformations 

are clearly increased when a weaker Argillite was studied. When the joint-cohesion was set to zero, the 

deformations were too large for the model to even reach an equilibrium. This is an important aspect to 

note since the three layers of Argillite seems to have varying strength. The rock mass itself and the 

contacts are weaker in some areas of Argillite than in others, and this needs to be taken into account. 

Larger deformations should be expected for areas with weak Argillite or weak bedding plane contacts. 

The probability of the joint-cohesion to be very low in every bedding plane in the Argillite is judged to 

be low. As earlier described in Chapter 2.2, most of the studied Argillite have bedding planes that are 

wavy and uneven, which in general makes the contact between the bedding planes stronger. In the 

models, the bedding planes are modelled as straight and with equal strength, which likely is a worse 

scenario than for the Argillite in reality. Some bedding planes definitely could, nevertheless, have the 

same appearance and strength as in the models, and then the probability of fallouts would increase 

distinctly for that specific bedding plane.   

When studying the effects on the roof- and pillar stability from the vertical distance between the mined 

lenses it was shown that the stability is not likely to be affected as long as the vertical distance is 6 m or 

more. For shorter distances, larger deformations occur, especially in the floor of the upper lens. The 

pillars are overall not much affected by the lenses mined below them. Both the study in FLAC and the 

study in FLAC3D indicated that the critical vertical distance is distances shorter than 6 m. In a case where 

the Argillite is much weaker than it is in the cases presented in Chapter 5.5 or if severe discontinuities 

are present in the area, also vertical distances of 6 m and larger might show worse results from a stability 

perspective. Moreover, if the layer thickness of the Argillite is greater, this might cause more issues. 

In the study in FLAC3D, the aspect of mining in the direction perpendicular to the cases in FLAC was also 

studied. This means that the rooms are mined from southeast to northwest instead of southwest to 

northeast. The results showed that the stresses in the pillars decreases for these cases compared to the 

cases mined in the direction perpendicular to these cases. Also, no plasticity occurred in the pillars but 

the tensile stresses in the roof was shown to be high enough to cause yielding even in the Pale Beds. 

For the cases with Argillite, the whole Argillite layer yielded all the way through. Even though the models 

showed low deformations, it could be wise to consider this as a problem, especially when Argillite is 

present. The bedding planes in combination with high tensile forces could lead to fallouts in the roof. 

Also, discontinuities as joints and faults could potentially make the stability conditions in the roof much 

worse. Thus, a wide room span might not be a good option for this mining direction. Since the pillars 

with a 4 m width not seem to be damaged, a thinner pillar might be a better option to increase the 
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extraction ratio than a wide room would be. However, what can be seen is that the same room- and 

pillar dimensions would not necessary work in both mining directions. 

6.2. MINING SEQUENCE AND ROCK SUPPORT 
To determine the most appropriate mining sequence, the results from cases with varying locations of 

the drift were analysed together with the results from the rock support study. This is important both 

because it is necessary to see how the roof and pillars are affected by moving the drift and also to see 

whether the rock support can handle the loads in all three cases. 

As hown in Chapter 5.2 above, there was really no disadvantage or advantage when comparing the 

cases with the drift to the side or in the middle (without the rock support). The deformations still were 

in the same scale no matter the location of the drift. When the same cases were studied with rock 

support included, both the bolts and the shotcrete showed loads and strains that were far below the 

failure limit for all three locations of the drift. 

Since all the results shows that all three potential drift locations could be theoretically possible, the most 

appropriate location had to be further analysed. An advantage with putting the drift on either side is 

that both the pillars and a part of the roof will be bolted. This could be an advantage since the load in 

the pillars are high. For the slender pillars this could be a greater advantage than for the wider pillars. 

However, a disadvantage with the drift placed to either the right or the left side is that a large span of 

the roof will not be supported. For the case with the drift in the middle, the unsupported area will be 

divided into two areas instead with a shorter distance to the pillar or to the bolted area, see example in 

Figure 87. From a fallout perspective, the case with a long, unsupported area has a much higher 

probability of fallouts. This because there are several meters from the middle of the roof to the closest 

pillar or bolted area. Potential wedges are much more likely to fall out in the case to the right in Figure 

87 than for cases with the smaller spans as in the case to the left. When choosing the location of the 

drift and the rock support, the previous discussion about the room- and pillar widths should be 

considered.  

 

Figure 87 Illustration showing examples of the unsupported areas. In the right case the area not supported will be much longer than for the 

left the unsupported area divided into two areas. 

Finally, it is important to remember that some simplifications have been made in the models. Since the 

rock mass in the models is continuous, no joints creating wedges are included in the models. In reality, 

the main purpose with the bolts will be to hold these wedges back. The model results showed that the 

bolts can take more load than what is applied in the model and thereby the bolts likely are strong enough 

to hold back wedges as well. However, for the fallout in Chapter 3.3.2, it was shown that the face plates 

failed due to a fallout of a large Argillite wedge. This is important to remember when mining in highly 

jointed areas. In Figure 88, an example of joints leading to a high probability of fallout from the roof is 
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presented. The vertical or near vertical joints would be more critical for the stability than horizontal 

joints because the Argillite already is weakened by horizontal bedding planes. 

 

Figure 88 An example of joints leading to high risk of fallout in the roof. The Argillite is already weak in the horizontal direction and thereby 

vertical joints could be crucial for the roof stability. 

6.3. MINING METHOD 
In the numerical modelling study, both drift-and-slash mining and drift-and-fill mining were evaluated 

as mining methods for the thin lenses in Tara Mine. In this Chapter, the possibilities to change from the 

currently used drift-and-slash method to the drift-and-fill method is discussed. 

The advantage seen in the models when the drift-and-fill method was used is that highly loaded pillars 

would not be an issue (since no pillars are included) as for in the drift-and-slash cases and the 

disadvantage is that the yielded area around the mined rooms slightly increases.  

If the method would be used, the extraction ratio would become close to 100 % since pillars only would 

be left from a large distance from each other, which is a great advantage from an economical 

perspective. However, when the pillars are at a long distance from each other, joints and faults (that are 

not included in the models) could cause severe stability issues for the roofs. This is most crucial for the 

unsupported parts of the roof.  

The area of highest risk indicated from the models is the rightmost wall shown in Figure 89 below. When 

comparing the stress field in the right wall for the drift-and-fill room with a plot from the calibration 

case a similar stress pattern can be seen. In the calibration case, the area closest to the wall surrounded 

by high stresses fell out. For both cases shown below that area in the wall had yielded and for the 

calibration case a large fallout happened in the wall. Potentially, a similar fallout could occur in the wall 

shown for case 602 as well and should be further investigated if the method is to be applied in the mine. 
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Figure 89 Comparison of maximum principal stress for case 602 when using the drift-and-fill mining method and case 2A from the calibration 

study. Negative stresses indicate compression. 

Summarized, the study showed that the drift-and-fill mining method could be an interesting method to 

analyse further. From an economical perspective, it could be a good option to change from drift-and-

slash mining to drift-and-fill mining since the extraction ratio would increase. The method could 

especially be very effective in areas with high grades. The implementation of the method in practice is 

an aspect to study further. The appropriate room dimensions and mining sequence for drift-and-fill 

mining to be efficient in reality are in need of evaluation. Practically it might be difficult to mine two 

rooms directly after each other because of the setting time of the backfill. Because of that, another 

mining sequence than the one used in the models could be more efficient. Also, a discussion about rock 

support would need to be performed for drift-and-fill mining as well if it would be used. 

Lastly, since the mining still would be performed in lenses closely located to each other, the effects from 

mining two lenses on top of each other should be studied. The models showed that the area with low 

stresses is larger when using the drift-and-fill method than for when using the drift-and-slash method, 

which could cause unexpected issues for the area between the mined lenses. It might not be suitable 

to mine two lenses on top of each other with this method. 

6.4. UNCERTAINTIES IN THE STUDY 
All the results presented and discussed in the previous chapters are based on the same data for the rock 

mass and the virgin stress state. Because of that, it also is important to discuss the credibility of the 

material parameters and stresses input to the model. Also, the chosen material models should be 

discussed. 

Starting with the Pale Beds, the applied material properties were based on tests performed for the Pale 

Beds in another part of the mine. In this report, no core logging was performed for the Pale Beds from 

the currently mined area in SWEX, which lowers the reliability of the strength parameters. However, a 

calibration study was performed for the Pale Beds and the rock strength was slightly altered because of 

the results. Even though the calibration case itself was good, the results from the numerical modelling 

study did not show a precise case for when the fallout in the case should have occurred. Some 

assumptions about this had to be made, which slightly lowers the credibility of the results.  

For the Argillite, no initial strength data existed, and core logging and point load tests were performed 

to estimate the material parameters. Both the RMR-ratings and the results from the point load tests 

overall showed a small spread of the results for the different Argillite layers, meaning that the results 

probably are quite reliable. However, only samples from four different cores were analysed, and it is 

possible that these cores are not representative for all Argillite. Since the Argillite currently is not causing 
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much trouble when mining in the Tara Mine, there are no obvious signs that indicates that the Argillite 

should be weaker than the estimated strengths. Lastly, no calibration case including the Argillite was 

found. Calibrating the strength parameters would have been an advantage for the credibility. 

Although the strength of Argillite was tested, the bedding planes within the rock were not. All strength 

data for the bedding planes were collected from previous studies on other rock with bedding planes in 

the Tara mine and not on Argillite specifically. This clearly decreases the credibility for the strength of 

the bedding planes. But, the performed tests showed to be slightly on the safe side and might still be a 

good approximation. Since the bedding planes within the Argillite are wavy, it can be assumed that the 

strength of the bedding planes is not as low as for a rock type with straight bedding planes, which also 

indicates that the results from the tests could be reasonable to use for the Argillite. However, since the 

numerical modelling study showed that the effects from lowering the strength in the bedding planes 

were significant, with increased roof deformations, it would be of very interesting to have more accurate 

data for these bedding planes.  

From the rock strength perspective, it is of most interest to study the strength of the bedding planes in 

the Argillite. The data for the Pale Beds and the Argillite are fairly good, even if there are some factors 

leading to less reliability in both of them. Further testing and calibration of their strength data would of 

course be rewarding as well, both for the credibility of this study and for future studies. 

Another aspect that could be an uncertainty in the study is the measured principal (virgin) stresses, later 

used as input to the model. The magnitude and direction of the principal stresses normally has a large 

effect on the results. For this study, the used stresses were measured in the same area as the area 

where the rooms are mined in the study, and the measurements were recently taken (year 2017). 

Because of this, the measured stresses are likely to be accurate and reliable for this study. 

Lastly, the chosen material models should be discussed. When using the perfectly plastic material model 

in the Pale Beds, the pillars have yielded all the way through but still are taking high loads. However, it 

is not apparent that this is the behaviour that would be seen in the pillars in the reality. It is possible 

that the yielding will affect the ability to take load in a different way than modelled in this study and 

some other material model might be more accurate for the Pale Beds. This is not something that can be 

answered in this study, but it should be practically analysed. The behaviour of the rock, especially in the 

pillars, should be studied in the mine to verify the results of this study. 
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7. CONCLUSIONS AND RECOMMENDATIONS 
Based on the conducted work, the following conclusions can be drawn: 

• The geomechanical data for the two studied rock types, Pale Beds and Argillite, has been 

evaluated by studying already existing data and by performing point load tests, core logging and 

a calibration study. The already existing data for the Pale Beds was shown to be quite accurate 

after the performed calibration study and was only slightly altered. For the Argillite, no initial 

strength data existed, and the strength values used for modelling were based on the performed 

core logging and point load testing. No calibration study was conducted for the Argillite due to 

lack of an appropriate calibration case. For the bedding planes in the Argillite, no new tests were 

performed, existing data for similar bedding planes in the Tara Mine were used instead. It would 

have been beneficial for the study to have collected this data specifically for the Argillite as well. 

• A numerical modelling study was conducted to evaluate mining with the drift-and-slash 

method. Also, a minor study on the potential of using drift-and-fill mining was performed. The 

study mainly comprised two-dimensional analysis, supplemented with three-dimensional 

analysis to validate the results. The focus of the study were room-and-pillar dimensions, mining 

sequence, critical vertical distance between mined lenses, and required rock support. In the 

studied cases, the room-and-pillar dimensions and vertical distances were varied to find the 

most appropriate dimensions from a stability perspective. The mining sequence and rock 

support were evaluated by moving the area of the drifts in the models. Also, several variations 

in the Argillite layer were analysed to see how it affects the stability.  

 

• The results from the study showed that the factors that mainly affected the roof- and pillar 

stability were the width of the pillars and the strength of the Argillite layer. The room width had 

a much smaller effect on the stability and deformations. The models showed that it is most 

favourable to mine with wide rooms and wide pillars to achieve a high extraction ratio. Not 

included in the study were potential discontinuities. From that perspective, wide rooms are not 

to preferable, since the potential of wedge fallouts then increases. This is concluded for the 

rooms mined in the direction of the virgin minor principal stress, meaning from southwest to 

northeast. 

 

• For the rooms mined from southeast to northwest, it was concluded that the behaviour in the 

models were not the same as for the room mined perpendicular to these, meaning from 

southwest to northeast. The pillars of 4 m were shown to be stable without any plasticity 

occurring. The roof on the other hand showed high tensile stresses causing potential stability 

issues in the roof. The performed study was limited in scope, and what could be concluded was 

that it is likely preferable to mine with thinner pillars and shorter rooms for this mining direction. 

 

• For the mining sequence and the rock support, the models did not show whether either case 

would be a much better option than any other. In reality, the drift and the support should be 

placed depending on the chosen room- and pillar dimension. It was concluded that if wide 

rooms and wide pillars are chosen, the drift and support should be placed in the centre of the 

room since the roof then is in highest need of support. Furthermore, if shorter rooms and thin 
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pillars are chosen, the pillars are in the highest need of support and the drift should be placed 

to either of the right or the left in the room, next to a pillar. 

 

• The critical vertical distance between ore lenses for potential instability was found to be 6 m or 

less. This due to high extent of plasticity and redistributed stresses causing the stresses in 

between the lenses to become low for the case with a 4 m vertical distance. This was not shown 

as distinctly for the cases with a vertical lens distance of at least 6 m. The results were, however, 

strongly affected by the rock strength in between the rooms, and for rock weaker than that 

analysed in this study, the critical vertical distance might be shorter than 6 m. 

 

• The study showed that the drift-and-fill mining method could be applicable from a stability 

perspective. The method would lead to a large increase in the extraction ratio and would be 

especially preferable in areas with high grades. To be able to apply the method in the mine, 

some practical aspects need to be studied further, including mining sequence, room 

dimensions, rock support, and the critical vertical distance between ore lenses. At the moment, 

only an option with a 10 m room span has been evaluated, but it was at least concluded that 

this dimension would lead to stable rooms when mining with the drift-and-fill method. 

 

The following recommendations are given to the Tara Mine: 

• ROOM- AND PILLAR DIMENSIONS: 

The recommendation is to choose the room- and pillar dimensions depending on the mining 

direction. When mining rooms from southwest to northeast, the best option is to mine with 

wide rooms and wide pillars, for example a room width of 15 m and a pillar width of 4 m. Mining 

with a shorter room and thinner pillar could be possible, but the pillar stability needs to be 

further studied since the potential of pillar failure then is higher. Mining with both a wide room 

and a thin pillar is not recommended. To change the design of the pillars from a straight pillar 

to an inclined pillar is possible if it is favourable from a production perspective.  

 

When mining in the southeast-northwest direction it is better to decrease both the pillar width 

and the room width to still achieve a high extraction ratio and maintain stability. The study 

showed that the pillars of 4 m are stable and that it is likely that also thinner pillars would be 

stable. 

 

Overall, the Argillite layer clearly affects the roof- and pillar stability no matter the room width. 

Since a large portion of the Argillite was shown to have yielded in the models, it is important to 

scale the roof carefully. The bedding planes present in the Argillite makes this even more 

important. If the bedding planes in a certain area are weak, hard scaling is very likely to cause 

fallouts and is thereby not recommended.  

 

• MINING SEQUENCE AND ROCK SUPPORT: 

The location of the drift and the rock support should be determined depending on the room- 

and pillar dimensions. If wide rooms and wide pillars are used, the roofs will be in most need of 

support and therefore the drift and the support should be placed in the middle of the roof. If 
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smaller rooms and thin pillars are chosen, the pillars are in most need of support and the drift 

should be placed to the side of the room next to a pillar. 

 

For the rock support, the currently used shotcrete and bolts are strong enough to handle the 

loads. Nothing in the study indicates a need of altering this. 

 

• CRITICAL VERTICAL DISTANCE BETWEEN LENSES: 

The recommendation is to mine the lenses with a vertical distance of 6 m or larger. If only Pale 

Beds or any other type of competent rock occurs between the layers, shorter distances could 

also be an option. If rock weaker than in the performed study is present, the critical vertical 

distance might be shorter than 6 m. 

 

• POSSIBILITIES OF DRIFT-AND-FILL MINING: 

To increase the extraction ratio, drift-and-fill mining could be a good option for mining in Tara 

mine. The study shows that this is likely possible from a stability perspective. 

 

It is recommended to further study the appropriate room dimension, mining sequence, critical 

vertical distance, and the rock support to be able to practically establish the method in the mine. 

The performed study showed that a room width of 10 m is possible to mine, but if there is an 

interest to mine with larger rooms, it is recommended to conduct a complementary study for 

this. The method would be mostly recommended for the areas with high grades. 

 

• FURTHER STUDIES: 

It is recommended to further study the Argillite to get more accurate data for its strength. In 

particular, the bedding planes needs further attention, since strength data for these are missing 

entirely at the moment. Because of this, it is recommended to perform additional shear tests 

on the bedding planes by performing tests on Argillite cores. The cores used in the tests should 

be drilled vertically and have a diameter of approximately 100 mm (to be verified with the 

testing contractor).  

 

The strength of three different layers of Argillite could also be interesting to study further since 

the Argillite strength has a large influence on the roof stability. If one Argillite layer is clearly 

weaker than others, it will be important to consider when mining a lens below that layer. 

 

If additional calibration cases are found for either the Pale Beds or the Argillite, it is 

recommended to investigate these, both to increase the reliability in the material parameters 

applied in the study, and for future rock mechanical studies in Tara Mine. 

 

Also, some monitoring while mining is recommended. Firstly, for both mining directions, it is 

recommended to closely monitor the deformations, plasticity and the stresses in the first mined 

rooms after altering the room and/or pillar widths to be able to ensure stability.  

 

The plasticity in the pillars cannot be directly monitored, but it is possible to study the cracking 

of the rock in the pillar which corresponds to the damage caused by the yielding. This can be 

done by drilling holes into the pillars and monitor the cracking when mining proceeds. This will 
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enable a better understanding of whether the pillars have yielded all the way through (as in the 

models) or not, as well as a basis for further discussions how it effects the pillar stability. The 

stress changes could be monitored by using vibrating wire gauges installed in the direction of 

the rib pillars, as shown in Figure 90. These gauges measure diametrical change in a borehole, 

which can be converted to stress change in one direction. The gauges should be oriented so 

that the vertical stress is monitored, which then be compared with the model results. Finally, it 

is recommended to use extensometers to monitor the displacements in the pillars. These 

should be applied vertically through the pillar, as in Figure 91. 

 

If severe, unexpected behaviour not shown in the study is visible when monitoring the pillars, 

the dimensions of the rooms and pillars should be further investigated. 

 

 

Figure 90 Recommended direction of installed vibrating wire gauge(s) to monitor the stresses. Rooms and pillars viewed from the top. 
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Figure 91 Recommended direction ofinstalled extensometer in the pillar to monitor the deformations. Rooms and pillars viewed from the 

front. 
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APPENDIX A: POINT LOAD TESTING RESULTS 
In the tables below all the tests results for the point load tests performed on Argillite are presented.  

Appendix Table I Results from diametrical point load tests for layer AR1. 

AR1, DIAMETRICAL TEST 

Borehole sc 

[MPa] 

U29077 99,7 

U29077 128,4 

U29149 96,7 

U29149 116,5 

U29149 89,7 

U29149 140,1 

U29149 181,6 

U29149 140,8 

U29149 123,0 

U29149 123,5 

U29149 135,8 

U29149 137,1   

Mean-value [MPa] 126,1 

Corrected Mean-value [MPa] 125,5 
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Appendix Table II Results from diametrical point load tests for layer AR2. 

AR2, DIAMETRICAL TEST 

Borehole sc 

[MPa] 

U29044 127,3 

U29044 166,7 

U29044 170,8 

U29044 74,4 

U29044 119,3 

U29044 170,6 

U29044 139,6 

U29044 136,8 

U29044 9,1 

U29044 83,7 

U29044 133,8 

U29044 60,7 

U29044 135,8 

U29044 117,8 

U29044 106,1 

U29044 67,4 

U29149 96,2 

U29149 57,7 

U29149 133,3 

U29149 135,6 

U29149 110,7 

U29149 89,5 

U29149 177,9 

U29149 86,2 

U29149 90,3 

U29149 89,0 

U29149 140,4   

Mean-value [MPa] 112,1 

Corrected Mean-value [MPa] 113,5 
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Appendix Table III Results from diametrical point load tests for layer AR3. 

AR3, DIAMETRICAL TEST 

Borehole   c 

[MPa] 

U29044 109,4 

U29044 115,9 

U29044 153,0 

U29044 65,7 

U29044 206,7 

U29044 134,7 

U29044 106,8 

U29044 126,5 

U29044 88,2 

U29044 104,2 

U29044 113,5 

U29077 116,1 

U29077 134,9 

U29077 119,8 

U29077 131,4 

U29077 136,6 

U29077 112,6 

U29149 15,7 

U29149 26,2 

U29149 82,0 

U29149 55,6 

U29149 72,1 

U29149 69,0 

U29149 83,7 

    

Mean-value [Mpa] 103,3 

Corrected Mean-value [MPa] 103,9 
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Appendix Table IV Results from axial point load tests for layer AR1. 

AR1, AXIAL TEST 

Borehole   c 

[MPa] 

U29149 (AR1) 181,3 

U29149 (AR1) 168,0 

U29149 (AR1) 193,6 

    

Mean-value [MPa] 181,0 

 

Appendix Table V Results from axial point load tests for layer AR2. 

AR2, AXIAL TEST 

Borehole   c 

[MPa] 

U29044 (AR2) 215,1 

U29044 (AR2) 142,4 

U29077 (AR2) 174,8 

U29077 (AR2) 115,6 

U29077 (AR2) 116,7 

U29149 (AR2) 173,5 

U29149 (AR2) 101,9 

U29149 (AR2) 164,9 

    

Mean-value [MPa] 150,6 

 

Appendix Table VI Results from axial point load tests for layer AR3. 

AR3, AXIAL TEST 

Borehole   c 

[MPa] 

U29044 (AR3) 124,7 

U29044 (AR3) 122,6 

U29077 (AR3) 118,4 

U29149 (AR3) 140,1 

U29149 (AR3) 95,1 

U29149 (AR3) 98,1 

    

Mean-value [MPa] 116,5 

 

If the results weighed together and a total mean-value is determined for the diametrical and axial test 

separately, the results are as in Appendix Table VII below. 

Appendix Table VII Mean values for diametrical and axial point load tests. 

Test type Total Mean-value [MPa] 

Diametrical 111,6 

Axial 141,9 
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APPENDIX B: STUDIED PARAMETERS FOR BOLIDEN CORE LOGGING 
In the following Chapter the parameters logged in Chapter 3.1 are further described. All information is 

taken from the report for standard core logging in Boliden (Sjöberg & Sjöström, 2000). Overall the 

method to determine the RMR-rating is based on the RMR-method created by Bieniawski (Bieniawski, 

1976). 

BRQD: 

RQD, short for Rock Quality Designation, is a measurement of joint frequency. BRQD (Boliden RQD) is a 

modified version that is more sensitive, in particular for zones with a high joint frequency. The BRQD is 

determined by dividing the sum of the lengths of the number of bits in a section by the total section 

length. Depending on the diameter of the core, the length of the bits varies. For cores with a smaller 

diameter than 42 mm, a bit-length of 50 mm is used. For cores with a larger diameter than 42 mm, a 

bit-length of 100 mm is used. When determining the BRQD all joints are included, except for the ones 

caused by handling the cores. 

The formula used to calculate the BRQD is the following, Equation I: 

𝐵𝑅𝑄𝐷 =  
𝑛∗𝑙

𝑠
∗ 100%     (I) 

Where, 

n = number of bits of 50 mm or 100 mm length 

l = length of bit (50 mm for core diameter < 42 mm, 100 mm for core diameter > 42 mm) 

s = total length of section 

The RMR-value score is then determined according to Appendix Table VIII. 

Appendix Table VIII RMR-rating for BRQD (Sjöberg & Sjöström, 2000). 

Appendix Table IX RMR-rating for BRQD and RDQ-values. 
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Rock Strength (R-value): 

The rock strength is estimated using the rock strength index R suggested by ISMR (Brown, 1981). See 

Appendix Table X below for a modified version of this. 

Appendix Table X Modified classification system for estimation of rock strength with knife. 

 

The RMR-rating is then determined according to Appendix Table XI. 

Appendix Table XI RMR-rating for rock strength index R. 
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Joint-type and joint-filling and thickness: 

To categorize the joint conditions, five different categories are used: 

 0 = rough 

 1 = slightly rough/discoloured 

 2 = slickensided/biotitic/cloritic/altered 

 3 = slickensided/slippery/talcic/altered 

 4 = gouge/clay/strongly altered 

The thickness of the joint type is classed according to the following categories: 

 0 = 0 mm 

 1 = 0 – 1 mm 

 2 = 1 – 5 mm 

 3 = 5 – 100 mm 

 4 = > 100 mm 

The data for the joints are weighed together for the RMR-rating, see Appendix Table XII. 

Appendix Table XII RMR-rating for joint type and filling and joint thickness. 
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Joint spacing: 

The joint spacing is the average spacing between the joints in a section. The longer the spacing is, the 

higher the RMR-score gets. 

The RMR-rating is set as in Appendix Table XIII. 

Appendix Table XIII RMR-rating for joint spacing. 
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APPENDIX C: PHOTOS ARGILLITE CORES 
In the following Appendix photos of the studied Argillite cores can be found. Each core is marked by 

their specific borehole number. These cores are the evaluated cores in Chapter 3.1 and tested in 

Chapter 3.2. 

BOREHOLE U29044: 

No argillite AR1-layer in this core. 
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BOREHOLE U29149: 
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BOREHOLE U29077: 

 

 

BOREHOLE U29045: 

Note: Argillite not marked in figures. 
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APPENDIX D: PLOTS FROM FLAC 
In this Appendix the plots including the plasticity, maximum principal stress, minimum principal stress 

and difference between the maximum and minimum principal stress are included for all cases presented 

in Chapter 4.5 and 4.6, expect cases 501 – 503 that included rock support.  

PLASTICITY 

 

Appendix Figure I Plasticity for cases 101 - 106.  
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Appendix Figure II Plasticity for cases 201 - 206.  

 

Appendix Figure III Plasticity for cases 301 - 306. 
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Appendix Figure IV Plasticity for cases 401 - 406.  

 

Appendix Figure V Plasticity for cases 407 - 410. 

 

Appendix Figure VI Plasticity for cases 411 - 413.  
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Appendix Figure VII Plasticity for drift-and-fill cases 602 - 603.  

 

Appendix Figure VIII Plasticity for cases 701 - 712.  

 

Appendix Figure IX Plasticity for cases 713 - 716. 
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MAXIMUM PRINCIPAL STRESS: 

 

Appendix Figure X Maximum principal stress for cases 101 - 106. Negative stresses indicate compression.  

 

 

Appendix Figure XI Maximum principal stress for cases 201 - 206. Negative stresses indicate compression. 
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Appendix Figure XII Maximum principal stress for cases 301 - 306. Negative stresses indicate compression. 

 

Appendix Figure XIII Maximum principal stress for cases 401 - 406. Negative stress indicate compression.  



xix 
 

 

Appendix Figure XIV Maximum principal stress for cases 407 - 410. Negative stress indicate compression. 

 

Appendix Figure XV Maximum stress for cases 411 - 413. Negative stress indicate compression. 

 

Appendix Figure XVI Maximum principal stress for drift-and-fill cases 601 - 603. Negative stresses indicate compression. 
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Appendix Figure XVII Maximum principal stress for cases 701 - 712. Negative stresses indicate compression. 

 

Appendix Figure XVIII Maximum principal stress for cases 713 - 716. Negative stress indicate compression. 
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MINIMUM PRINCIPAL STRESS 

 

Appendix Figure XIX Minimum principal stresses for cases 101 - 106. Negative stresses indicate compression.  

 

 

Appendix Figure XX Minimum principal stress for cases 201 - 206. Negative stresses indicate compression. 

 



xxii 
 

 

Appendix Figure XXI Minimum principal stress for cases 301 - 306. Negative stresses indicate compression. 

 

Appendix Figure XXII Minimum principal stress for cases 401 - 406. Negative stresses indicate compression. 
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Appendix Figure XXIII Minimum principal stress for cases 407 - 410. Negative stresses indicate compression. 

 

Appendix Figure XXIV Minimum principal stress for cases 411 - 413. Negative stresses indicate compression. 

 

Appendix Figure XXV Minimum principal stress for drift-and-fill cases 601 - 603. Negative stresses indicate compression. 
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Appendix Figure XXVI Minimum principal stress for cases 701 - 712. Negative stress indicate compression. 

 

Appendix Figure XXVII Minimum principal stress for cases 713 - 716. Negative stress indicate compression. 
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PRINCIPAL STRESS DIFFERENCE, σ1 – σ3 

 

Appendix Figure XXVIII Principal stress difference for cases 101 - 106.  

 

 

Appendix Figure XXIX Principal stress difference for cases 201 - 206. 
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Appendix Figure XXX Principal stress difference for cases 301 - 306. 

 

Appendix Figure XXXI Principal stress difference for cases 401 - 406. 
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Appendix Figure XXXII Principal stress difference for cases 407 - 410. 

 

Appendix Figure XXXIII Principal stress difference for cases 411 - 413. 

 

Appendix Figure XXXIV Principal stress difference for drift-and-fill cases 601 - 603. 



xxviii 
 

 

Appendix Figure XXXV Principal stress difference for cases 701 - 712. 

 

Appendix Figure XXXVI Principal stress difference for cases 713 - 716.  
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APPENDIX E: PLOTS FROM FLAC3D 

PLASTICITY 

 

Appendix Figure XXXVII Plasticity for cases 101b och 102b. 

 

Appendix Figure XXXVIII Plasticity for cases 103b och 104b. 

 

Appendix Figure XXXIX Plasticity for cases 201b and 202b. 
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MAXIMUM PRINCIPAL STRESS 

 

Appendix Figure XL Maximum principal stress for cases 101b and 102b. Negative stress indicate compression. 

 

Appendix Figure XLI Maximum principal stress for cases 103b and 104b. Negative stress indicate compression. 

 

Appendix Figure XLII Maximum principal stress for cases 201b and 202b. Negative stress indicate compression.  
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MINIMUM PRINCIPAL STRESS 

 

Appendix Figure XLIII Minimum principal stress for cases 101b and 102b. Negative stress indicate compression. 

 

Appendix Figure XLIV Minimum principal stress for cases 103b and 104b. Negative stress indicate compression. 

 

Appendix Figure XLV Minimum principal stress for cases 201b and 202b. Negative stress indicate compression. 
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APPENDIX F: PLOTS FROM CALIBRATION CASE 
In this Appendix plots over plasticity, maximum shear strain increment and maximum and minimum 

principal stresses are included. For description of all the cases, see Chapter 4.4. 

PLASTICITY 

 

Appendix Figure XLVI Plasticity for calibration cases.  
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MAXIMUM SHEAR STRAIN INCREMENT 

 

Appendix Figure XLVII Maximum shear strain increment for calibration cases.  

MAXIMUM PRINCIPAL STRESS 

 

Appendix Figure XLVIII Maximum principal stress for calibration cases. Negative stresses indicate compression. 
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MINIMUM PRINCIPAL STRESS 

 

Appendix Figure XLIX Minimum principal stress for calibration cases. Negative stress indicate compression.  

PRINCIPAL STRESS DIFFERENCE, σ1 – σ3 

 

Appendix Figure L Principal stress difference for calibration cases.  


