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Abstract

The assessment obck mechanicatiata is a fundamental step in the process of evaluating
profitability of an open pit mine. The steepnesshaich,interramp and resulting overall slop
angles have direct effect on thestripping ratiq therefore on the profitabilityof the mining
operation.With the recently challenging metal prices in mind, the maximization of slope &
is even more important nowadayprompting detailed investigatioria the topic.

Theprimary goal of thismaster thesidsto provide updated rock mechanicalegign criteria fol
the Liikavaara Ostra open pit Northern Swedenpy collecing and assessg the already
availableinformation from the area,as well agvaluaing the raw data of tle drilling campaigi
undertaken in 2016

Afterthe compilation of theock mechanical and geological dafahe site the bench scale slog
stability was assessed wittrobabilisticand deterministic approach. During thgrocess two
failure criteria (MohfCoulomb ad BartonBandig and two groun@ater conditions (drainednd
undrained) were tested. Based on the gained experience in the neighboring Aitik min
drained BartorBandisscenario was used both in probabilistic and deterministic apprdac
recommend bench face anglddased on the findings of tHeenchslopeanalysisanincrease o
the benchand interramp angles(compared to the previous design studg)possible with the
presumption ofimproved smoothblasting techniquesnd minimizedback breaklIn identified
areaswith excessively poor rock quality, thpm@lication of externatocksupport was assessel
order to maintain reasonabléench anglesand avoid mining ohdditional waste rock. Thu
application of external slope support practices deemed feasible in the footlwalainsof the
pit, where with the utilization of support methods, the possible relocation of&th6 roadccan be
avoided. The overall slope stabilitywas alsoassessedn the footwall with limit equilibriurr
analysis methodsThe footwallof the pit wasfound to be stable with thenew designcriteria,
althoughit is sensitive to the presence of groundwafaressures

KeywordsSlope stabilitykinematic analysigrobabilistic analysis, deterministic analysis,
externalrock support, Liikavaara Ostra
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1. Introduction

1.1. Objective, scope and outline of the thesis
Liikavaara Ostra mine in Northern Sweden is a planned satellite pit of the Aitikanined and operated
by Boliden Mineral AB. The last rock mechanical assessment pfaheedmineis datedfrom 2008. As
the project moved forward from conceptual stagepiefeasibilitystage, the update of the current design
criteria and detailed assessmentmick mechanicallata became necessaiy order tosatisfy the needs
of further project developmentThe goal of this master thesis is @ive updated, more detailedock
mechanicatlesign parameterfor Liikavaara Ostra.

1.1.1. Objective
The purpos of this thesis work is to compile and analyze the existing rock mechanical data from the
Liikavaara area, and witthe newly acquired information on rock characteristics (rock strenBtfiR
value, etc.) and joint properties (orientation, filling) develop new rock mechanical design didtetiee
planned open pit. Besidie rock mechanical properties theg@rametersare establishedvith respect
to the geology and structures of the rock mass, while considering the mining method induced back break
and blast damage.

After the compilation of old and new data, optimal bench and interramp slope angles are recommended,
which are basedon the kinematic, probabilistic and deterministic analysis of the different domains.
Furthermore, empirical catchenchwidth calculations are conducted as well. The overall slope stability
of the pitis also revisewvhere required.

In order tofocus the research, several questions are defined to which this study aims to find the suitable
and satisfactory answers:

How does the new information on rock conditions modify the current design criteria?

What are the differences in rock conditions atdistures between Aitik and Liikavaara Ostra?
What are the recommendations based on the rock conditions for pit design criteria?

Are there specific areas wher@ue to poor rock conditionsock treatment/reinforcement is
necessary?

1 What type of rock treanent/reinforcement methodsare advisedor the slope situatedn poor
rock?

=A =4 =4 =4

1.1.2. Scope
While the following attributes aralso importantfor a sufficient analysis of slope stability, due to the size
of the project these are out of thecopeof this thesis:

1 Groundwvater levels of theslopes and hydrogeological assessment of the area (although
alternative scenariow/ere studiedfor the stability of the overall slope angles)

1 The effect of haul roads to slope stability

1 Numericalmodelingof slopes

9 Detailedmodelngof rockfallcatch benches



1.1.3. Outline
Thefollowing stepsaretaken to achieve the aims of the project:

1 Compilation and initial assessment of existing data:
Assessing the already obtained rock mechanical, geological and structural data

i Collection odata:
Broadening the information base of the area througgilectingrock mass and joirpiroperties

91 Determination of desigdomains
Design domainare establishedvith respect topit geometry, geologystructures and thejoint
attributes

i Bench slopetability analysis of the desigtomains
Kinematic analysis afesign sectorsvith DIPS 7.QRocscience, 2016bjurther analysis with the
ROCPLANE 3(Rocscience, 2016cpWEDGE 6.(Rocscience, 2016dand ROCTOPPLE 1.0
(Rocscience, 2016epftware tools using probabilistic and deterministic apprcech

9 Calculations foexternalrock support need:
In specifiareas the external rock supportneedis also calculated

9 Overall slope stability check:
Analysis of selected design sections vBIHDE 7.(Rocscience, 20164init equilibrium analysis
tool.

1 Establishment of final design criteria:
By summarizing the project the recommended bench and imnp slopeparametersare
presented

I Conclusions and recommendation for further research:
Concluding the thesis work and propogareas for further work

1.2.Overview of Liikavaara Ostra
The northern part oNorrbotten County is an important mining district of Sweden. Historically, mining of
iron ore started in the 18 century and since then the industry is a major contributor to the economy of
the county. The majominesin the area arethe Kiruna and the Malmberget underground iron ore
operations of LKAB and the Aitik open pit pepmine of Boliden Mineral ABeside these mines, multiple
other orebodieswere mined in the past, are in production today planned for future exploitation
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Figurel Location of the Aitik operatior(ezilon.com, 2016)

The Aitik mine is a large scale open pit operation 20 km east of Gdllivare, which exploits a heavily
metamorphosed and modifiegporphyry CuAuw-Ag deposit(Wanhainen, 2005)The host rocks of the
mineralization are muscovite schist, biotite gneiss and amphibuigte gneisgBoliden, 2014)Aitikwas
discoveredn the 1930sand mining started in 1968 with 2 Mt per yearre production. Since then the

rate of extraction has been increased and in 2015, the annual ore production was 36 Mt. With further
expansion of production, this rate will grow to 45 Mt by the year of 2Bliden, 2016a)Alsq some 45

50 Mt of waste rock will be extracted each year. The ore grades and tonnages of Aitik and Liikavaara Ostra
depositsare displayedn Tablel.

The oreis minedwith large scale production blasting, then mucked and hauled tarthet crusher with

a high capacity truck fleet. For improved slope stabjiigsplittingand scaling are done where required.
The ore is crushed and conveyed further to the processing plant, where millitagion, and thickening
takes place.

The ore concentrate is transported further to Boliden Ronnskér smelter via train, while thegailiag
stored in the tailings pond next to the processing plant west from the miviaste rock from the pit is
also transported by the truck fleéd the waste rock dumps which are located around thainpit (Figure
2).



Figure2 Overview of Aitik (location of the Liikavaara Ostra it markedwith red) (Lantméteriet, 2016)

Tablel Mineral Reserve and Resource estimates for the Aitik, Salmijarvi, Adgtra and Liikavaara Osti@oliden, 2014)

Deposit Classification Quantity Au Ag Cu Mo
31.12.2013 Mt g/t g/t % g/t
Aitik Proven reserve 691 0.15 1.6 0.22 24
Probable reserve 228 0.14 11 0.21 27
Measured resource 207 0.10 11 0.16 16
Indicated resource 1132 0.10 0.9 0.17 26
Inferred resource 185 0.11 0.4 0.13 23
Salmijarvi Proven reserve 71 0.09 1.0 0.19 28
Probable reserve 13 0.09 0.9 0.20 29
Measured resource 42 0.05 0.8 0.15 26
Indicated resource 175 0.05 0.8 0.15 24
Inferred resource 5 0.04 0.7 0.14 29
Aitik Ostra Proven reserve - - - - -
Probable reserve 37 0.08 0.4 0.15 16
Measuredresource - - - - -
Indicated resource 117 0.10 0.3 0.13 14
Inferred resource 36 0.09 0.3 0.11 13
Lilkavaara Ostra  Proven reserve - - - - -
Probable reserve 45 0.07 2.7 0.28 43
Measured resource - - - - -
Indicated resource 42 0.06 2.1 0.24 28

Inferred resource - - - - -




The planned Liikavaara Ostra-&u open pit mine Wl function as a satellit@it of the Aitik mine ands
located3 km east of thenainpit (Figure2 and Figure3). The mining is currently planned to start in 2023,
with a total life of mine of 5 yearhe ore production of Liikavaara Ostrgiannedto be between 712

Mt and the total output (ore and waste rock) between 16 and 18 Mt per year. The current tonnage and
grade of the mineral resources and reseraes shownin Tablel. Note that the satellite pit is currently

in prefeasibilitystage, thughese numbers are likely to change.

As mentionedpreviouslythe Liikavaara Ostra mineralization is situated dastn the main orebody of
Aitik. The ore zone is orientated to west and has a steep (in some plalcgsrtica) dip (average of 80°).
The host rocks are low grade metamorphosed sedimentary rocks, while this siiatedin foliated
biotite schist. Thenainore minerals are chalcopyrite, pyrite as well as pyrrhottektaileddiscussion of
regional and local geology cae foundin Chapter2 (Boliden, 2014)InFigure4 the relative locations of
Aitik-Salmijarvi and Liikavaara Ostnaedodies aralisplayed.

Figure3 The planned pit of Liikavaara Ost(&Viik, 2010)
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Figure4 Relative location of Liikavaar@strato the Aitik-Salmijarvi orebody(Boliden, 2014)

It mustbe notedhere that multiplecoordinatesystems hadbeen usedduring the life of the Aitik mine.
Gb2NIKE
Ostra. Apart from the general orientations in the Introduction chapter, this pagfersto Mine North

the same way as well, unless stated otherwisd=igure5 the differentcoordinatesystems are displayed

Atpresentday, all systems use the Mine NortiGfuvnort) referred asdza

as compared to each other.
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2. Geology

2.1.Regional geology

The Liikavaara Ostra depositsituatedon the Baltic shield, which is an exposed Precambrian part of the
Eastern European Craton. The deposit lies along the Kiruna Ladoga Shear Zone (idj8Z)ear zone
environment of two major provinces of the shd, the Svecofennian Province and the Karelian Province,
seeFigure6 (Monro, 1988)

Karasjok Greenstone

.nRCHAEAN

Transscandinavian vl.r LIIkEVEErE Els‘tra
Granite- Purphyry Belt itik KARELIAN™ ?
So[sele 3 "
' \\ PROVINCE

.'SKELLEFTE e
/ FIELDJ\’_I\)

. 7 :
f aalia>\§ A T,

"
%

SVECOFENNI.

PROVINCE |

{ Bothnian /
Basln | Baltic

Sea

oF il_;'an I'|I

BERGSLAGEN

Osio | rjl‘\
Gram REGION
SOUTHWESTEHN
[ SVB

Elekinge
ﬂ tc}I‘-'rutf.\gll'!e

ﬁq::? Zone

Figure6 Overview of the Baltic Shiel@Monro, 1988)

The basement of Northern Ndyotten consiss of Archean granites and gneisses dated #® @&a old,
(Wanhainen, et al., 2005; Monro, 1988)his is overlaidby formations from the Paleoproterozoic
Svecokarelian orogeny.@b and 175 Ga ago). In the stratigraphy first the Karehiénrelatedrocks occur
from 25 to 20 Ga. Above the Karelian,91Ga old Svecofennian shallow marisgpracrusals are
deposited(Wanhainen, et al., 2005y hese metavolcanic and metasedimentary units later are intruded
by multiple suites, firsthe Haparandgq1.89-1.86 Ga) and the Perthitmonzonite (188-1.86 Ga) suites.
The Lina ganite intruded 181-1.78 Ga agdBergman, et al., 2001¥eeFigure 11 in Appendixl. The
Liikavaara Ostra deposi locatedin this Svecofennian metasedimentaisupracrustagl environment,
with diorites (Haparanda suite) and granites (Lina granite suite) in the vidtigyr€7) (Bergman, et al.,
2001)



2.2.Local setting and deposit geology
Likavaara Ostra is an epigenetic-8u deposit situated in a regional deformation zone called the
Nautanen Deformation Zone (NDZ), $égure7 and Figure 41 in Appendixl. In this(geographicNNWg
SSHrending, 3 km wide zone several mineral deposits are locgBrgman, et al., 2001y he ore zone
of Liikavaara Ostres locatedon the (geographic) eastern leg of an overturned synform structure. Host
rock environmentonsists of volcanic (andesite) and sedimentary rocks (conglomerateidmdite) and
intrusions of several rock types (aplite, dioriggbbrag and granite). The deposit has a steep dip between
85° and 75° and hasdipdirection to the (geographic) wegFigure8 and Figure9) (Wiik, 2010)

The curent resource and reserve estimates calculate with 45 Mt of probable reserve28&%Cu, 07
g/t Au, 28 g/t Mo and Z g/t Ag.The indicated resource model contains 42 Mt &4% Cu, @6 g/t Au,
43 g/t Mo and 21 g/t Ag, sedrablel (Boliden, 2014)
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Figure8 Plan view of host rocks and mineralization at Liikavaara Osteferenced to Mine North(Hoglund, 2016a)
The indicated cross sectios displayedn Figure9.

2.2.1. Hanging wall units
The hanging wall of the orebody consists of conglomerates and other sedimentary rocks similar, which
are for simplificathn classified as conglomerates in the geological nomenclature of Bqkigure8).
Original bedding and large fragmeniis these rocks carbe observedas nq or only low-grade
metamorphismwasidentified in the hanging wall unit&Zweifel, 1976)Minor anisotropy is present in the
rock mass, which is due to the sedimentary origin. The contact between the conglomerate and the
orebody iggradual(Wiik, 2010)

2.2.2. Ore zone units
The ore mineralization in Liikavaara Ostra occurs in biotite schist which is the rethétroétasomatic
conversion of andesite. Towards the footwall side unaltered and slighdsedandesite bodies are more
present. Within the mineralization aplite intrusions are also observedFigpae8 and Figure9. Theore-
formingalteration is not exclusive to the biotite schist, in the footwall rocks pyrite mineralization qccurs
which decreases further away from the biotite sclfistiik, 2010) The biotite schigsalso partially altered
to chlorite and has distinctfoliation (Monro, 1988; Zweifel, 1976)

The primary ore mineral in Liikavaara Ostia chalcopyri¢; moreover pyrite and pyrrhotite are also
present. The mineralization occurs in disseminated form. Although the Pb and Zn grades are considered
low in the deposit (below 1%), galena and sphalerite@ammonminerals in the ore. Scheelite likewise
occursthroughout thedeposit The mosfrequentgangue minerals are quartz and caldf¢onro, 1988;
Zweifel, 1976)During the 2007 drill program W, Brineralswere described with Re as an occurrence in

the tungsten oxideThere is molybdenite in the ore as well, usually with higher concentrations in the aplite
bodies and quartz veins. The distribution of ore minecaBngealong the orebody, as the mineralization

is zoned. On both sides of tkeposit pyrite dominates whiclurnsinto chalcopyrite in the middle of the
orebody(Wiik, 2010)



2.2.3. Footwall units
In the footwall of theore, multiple rock types are present. The majority of the footwall consistiews
grademetamorplosed turbidite, with some presence of andesite. There is also a smaller dioritic intrusion
in the eastern end of the planned pit. Close to the surface in of some drill holes conglomerate can be
identified as well, specifically in the nordasern sectionof the area. In the western end of thgt, Lina
granite is present, where sonsectionspossess ao-calledévuggg G SEGdzZNBE 'y R F2¢ Al Az
Lina granite dominates the surroundings, there is no direct contact betweemtand the granite
(Figure8) (Wiik, 2010)
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Figure9 Cross section of the mineralization at profile +Y8@8at Liikavaara Ostrgwiik, 2010)
The ore mineralizatioris connectedo biotite schist (light green), aplite (red) and andesite (dark green).

2.3.Structural geology
From Archean to Quaternary the districas been undergone multiple ductile and k& deformations.
Moreover fold structuresare recognizedn Norbotten, and the relation betweefold and deformation
structures is distinct in the Gallivare arfdergman, et al., 2001As mentioned earlierThe Liikavaara
Osta deposit is situated in the NDZ, which is a 3 km wide ductile shear zone in the Géllivare area with the
trend of NNWESSEStrongductiledeformations occur along the discontinuity zone, which haswvartical
to vertical dip(Bergnan, et al., 2001)

Large parts of other shear zones in Norbotten, such as the Pajala and Karegugplog deformation

zones (sed-igure 11 in Appendixl) reactivated as brittle deformation zon€Bergman, et al., 2001)

Based on geophysical measurements in the Liikavaara area and the significant core loss in some of the
drill holes, it can be assumed that the NDZ reactivatdutittte deformation zone similarly to the adjacent

10



shear zones. The fold structure in the Liikavaara aréaterpretedas an overturned syncline parallel to
the direction of the NDZ. The syncline is NB&NV directed and steeply dipping between 75° tbBigure
10) (Bergman, et al., 2001)

Units of LiikavaaraDstra are low/medium grade metamorphosed and in general have a lower
metamorphic grade than the formations in Aitikais islue tothe factthat the NDZ is a boundary between
metamorphic zones in the are@he foliation of the host rocks and tloge zone are pillel to the units
indicating that the metamorphosis occurred before the folding evéBergman, et al., 2001)n general,

it can be stated that foliation and anisotropy haadiigher presence in the footwall units than ineh
hanging wall rocks. Strong foliation (s¢h#ty) occurs in the ore zonErom 175 Ga to present day major
erosion took place and eroded at least 5 km of rock to expose mineralization on the surface like Aitik and
Liikavaara Ostrat present day (Monro, 1988) seeFigurel0.

1.75Ga - present day AITIK Liikavaara East
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FigurelO Tectonic setting of the Géllivare argdionro, 1988)

As itwas mentionedpreviously the mineralization lies along tHéDZ and significant structures and zones

of discontinuityare observedround the orebody. In 2013 a geophysical study was conducted by GeoVista
AB to detect andurther define the position of the deformation zonéslattson & Thunehed, 2013)n

this study 15 possibleoneswere identified with 3D resistivity andkfraction seismianethods. These
areas are characterizedby low seismic velocity and RQD values which verify the brittle features of these
structures. Except for one structure, atbnesare trending geographic N\SE or NNWESE and dipping
vertically or sub vertically. One particular discontinuity differs fitbia trend as it isdippingwith 30° to

the geographic north. The width of thezenesis mostly between 5 and 10 m, although one zone along
the orebody footwall contact stands out with its 30 to 60wrdth. The length of the structures varies
between 100and 800 m(Mattson & Thunehed, 2013)nFigurellthe discontinuity zones are displayed
along the 3D geological modellofkavaara OstréHoglund, 2016a)

11
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FigurellInterpreted deformation zones in Liikavaara Ostadter (Hoglund, 2016a; Mattson & Thunehed, 2013)
figure referenced to Mine North The numbers refer to the codes used in the report(bfattson & Thunehed,
2013)

2.4. Hydrogeology
In the area of Liikavaai@stra no hydrogeological studigsave been conductedintil the writing of this
thesis. Preliminary hydrogeological assessment is planned to be carriddt@uturing2016. Limited
information regarding the presence of water che retrievedfrom the condition of the geological and
rock mechanic drill holes. In &lblesthe water level is close to or at the collar. As the source of the water
can be either the glacial till or the bedrodkoad conclusions canndbe drawn For this reasonboth
bench and overalkcale stability were checked with both undrained and drained hydrogechigi
conditionsassumed andthe final designrecommendations are based on drained benches and partially
depressurized overall slop&€he assumption ofepressurizeanining benches angartiallydry slopes are
based on the observation in the Aitik pit andepious studieqSjoberg, et al. 2016)ut needs to be
verified in the next project stage

12



3. Rock mechania®nditions

In thischapter, the overall rock mechanical conditions of Aitigimijarvjand Liikavaara Ostra areas are
assessed, morprecisdy the rock mass and joint properties tife Aitik and Salmijarvi pitsthe data of
Liikavaara Ostran this sectionis briefly compard with the above mentioned mines. Tie detailed
compilation andanalsisof the 2016 drilling campaign executed liiikavaaraQstraare presented in

Chapter 4

3.1. Stress conditions

The regional stress conditions in Northern Scandinavia are controlled by movements of tectonic plates
and the maximum horizontal stress hasapproximate(geographickEW to NESWdirection, although it
varies significantly in certain areas, sdgurel? (Sjoberg, et al. 2016; Heidbach, et al., 2008)
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Figure12 Orientation of principal stresses inc&ndinavia(Heidbach, et al., 2008)
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Thevirginstate of stres$as not been measureit Aitik nor Liikavaara Ostra by the time of writing this
thesis. Due to the lack of measurements, extrapolated values of stress state drdnusaseof Aitik and
Liikavaara Ostra, the closest place asfalysistook place in the Malmberget mine of LKAB, 20 km
(geographig NW from the planned satellite pit. In Malmberget several stress field measurements and
stresscalibrations have been executed. Calibrations were conducted with numerazilingby Sjoberg
(2008) and Perman et al. (2016) as cited@Sjbberg, et al. 2016 he stress relations calculateat fthe
Malmberget minehavebeen quantifiedas followsSjéberg, et al. 2016)

1 u=00396z [MPa]
1 " n=00161z [MPa]
1 .=00270z [MPa]

2 K S Ndlendtes themaximumK 2 NRA T 2 y (i i thedminidBra BoBzontastress | Y R is the
vertical stress. These valuggere assumed to be valid for Aitiche directions of the maximum and
minimum horizontal stresses are the followi(®joberg et al. 2016)

f MHHc FTNRBY 63S23aNI LKAOO b2NIK FT2NJ
f 32c FNRY 63S23INJ LKAOO b2NIK F2NJ

The direction of these local horizontal stresses roughly align with the regional stress regirs®ENW
indicated onFigurel2. This location of stress directions concurs with the thrust faulting identified in the
area(Heidbach, et al., 2008; Wanhainen, 2005)

But if the stess orientations are compared to the local geology in Liikav@atea(seeFigurel3), it can

be seen the horizontal stress directions are not matghthe general observatiorthat the major
horizontal stress aligns with the dip direction of thhebody; and the minor horizontal stress is parallel to

the strike. As there havieeenno local measurementat Liikavaara Ostra it cannbe verifiedthat either

the stresses are following the regional regime (and the directions determined in Malmberget are valid) or
the directions have been locally -mrientated along the orebodyHowever, die to the direction and
magnitude of the projected stresses and the size of piite(200 m planned final depth)it can be
reasonablyassumed that the virgin rocktresswill not significantly influence the slope stability in
LiikavaaraDstra(Sjtberg, 2016)
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Figure13 Orientation of horizontal stresses around the Liikavaara Ostra pit
(Referenced to Geographic NorthAfter Sjéberg et al(2016)and Hoglund(2016b)

3.2.Rock mechanical properties
The Uniaxial Compressive Strength (UCS) valgesbtainedfrom Point Load Tests (PLT), the Rock Mass
Rating RMR is basedn the Boliden standard Rock Quality Designation (BRI@gribed ir8.2.2 and
joint characteristics acquired through rock mechanical core logging. The data sets of Liikavaane@stra
gatheredin the internal reprts of Krauland & Romedalil996)and Bergmar(2008a) In the main pit
multiple rock mechanical studies have been conducted regarding rock mass properties and structure
orientations.The rock mass related data are derived from the most recent rock mechanical study, which
is part of the 2016 Aitik Life of Mine PIALOMP)Sjoberg, et al. 2016Yhe Salmijarvi related valuase
accessedrom the 2008 rock mechanical report of SalmijgBergman, 2008b)
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3.2.1. Intactrock strength
In Table2 the UCS values of rock units in Liikavaara Ostra, Aitik and Salmijarvi are comparedeét can
seenthat the intact rock strength of the footwall and hanging wall units are significantly higher in
LiikavaaraOstra while the values of Aitik and Salmijarvi baroughly the same value range. On the
contrary, the values of the ore zones are higher in Aitik and Salmijarvi, than in Liikavaara Ostrabé must
noted that the standard deviation of the samples ageeater in Liikavaarastra most probably due to
the lower number of samples and tHew-levelaccuracy of thgoint loadtest method.

Table2 Comparison of UCS ltges between Aitik, Salmijarvand Liikavaara Ostra

Primary | Secondary
Type of rock Ore zone Host rocks | Host rocks
B:]Zt;;es Volcani Andesite
Liikavaara Ostra gnel o canic
Biotite sediment .
. Epidote zone
Mine schist
Altik Biotite Diorite, | Amphibolite
gneiss Leptite
Salmijarvi Biotite Diorite | Amphibolite
gneiss
Liikavaara Ostra 157 + 47
(Krauland & Romedahl,| 77 +52 150 + 58
1996) 145 + 88
Uniaxial Compressive Aitik (Sjoberg, 2005) | 111+81| 93+35 84 + 20
Strength ([MPa], Average:
Std. Dev.) o n
Aitik (Sjoberg, etl.,
2016) 87+49 112+35 87130
Salmijarvi(Bergman, 121448 107419 88438
2008hb) - - -
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3.2.2. Rock mass characterization data
The quality of the rock mass comparedn RQDBRQDandRMRvalues. InTable3 the standard and the
Boliden RQD values are presented. Due to the differences istémelards BRQD and RQD values must
not be treated as equal.

Table3 Comparison 6RQD and BRQD values in Ajtfalmijarviand Liikavaara Ostra

Type of rock Ore zone Pnn:s;isHost Secorr:)ci?(rsy Host
Biotite gneiss
Liikavaara Ostra Volcanic Andesite,
Biotite schist sediment Epidote zone
Aitik Biotite gneiss Dlonf[e’ Amphibolite
. Leptite
Mine
. Biotite gneiss, . o
Aitik Biotite schist Diorite Amphibolite
Salmijarvi Biotite gneiss Diorite Amphibolite
RQD (Avg. + Std. . . 45 + 28,
Liikavaara Ostra 56 £ 24 67 £ 16
Dev.) av 52 + 22
Liikavaara Ostra N/A 37+37 52+ 35
47 + 36 B B
Aitik (Marklund,
2006) 58 53 56
BRQD (Average A
Std. Dev. iti 62
) Aitik (Sé%tieGr)g, etal., £g 66
52
Salmijarvi(Bergman,
2008b) 69 39 55

The Boliden standard RQD (BRQD) is a modified version ofnthestrywide used joint frequency
assessment method, developed Byliden Mineral ABBRQD is a more sensitive tool, underestimating
RQD values by approximately 30Phe method is differing from regular RQD in a way thab#s not
measurethe lengths of samples longer than 10 cm over the length of core section; but counts the number
of 5 or 10 cm long bitédepending on core diametethat can be taken from the corever the length of

the section examine@Boliden, 2000a)

In the comparison of the BRQD values, it is clear that the fracture frequehdkavaareOstrais lower
(i.e., higher BRQDhanin Aitik and SalmijarvOn the otherhand the RMR values from all siteBaple4)
show that the joint properties and overall rock mass quality are somewhat better ifothtevall and
hanging wall (primary and secondary host rocks) of Liikavasita Among the thre®re zones Salmijarvi
possesses the highest RMR values, while Aitik and Liike@ati@have roughly the same numbers.
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Table4 Compaison of RMR values in Aitik and Liikavaara Ostra

Type of rock Ore zone Primary Host| Secondary Host
rocks rocks
Liikavaara Ostra Biotite gneiss Vol_canlc A_ndesﬂe,
— . sediment Epidote zone
Biotite schist
. . . Diorite, 0
Mine Aitik Biotite gneiss Leptite Amphibolite
. Biotite gneiss, o o
Aitik Biotite schist Diorite Amphibolite
Salmijarvi Biotite gneiss Diorite Amphibolite
y N/A,
Liikavaara Ostra 67 £12 72112
(Average * 70+12
Std. Dev.) Aitik (Marklund, 61+14
2006) 64+12 N/A 63+14
RMR : P
(Weighted Aitik (Sjoberg, et al., 70 69 71
mean) 2016) 64
(Average + | Salmijarvi(Bergman,
Std. Dev.) 2008b) 76 +13 60+7 68 +11

From the comparison dhe availabledJCSBRQD and RMR values in A&lmijarviand Liikavaara Ostra,
it can be presumed that the overall rock quality is slightly worse in the planned sapéilttean in the

mines already in production.
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3.3.Joints andstructures
In this section the discontinuities of the Aitik and Salmijarvi pits are compared with the latest rock
mechanical report of Liikavaara Os(igergman, 2008a)The results of Aitik are derived from th©MP
report (Sjoberg, et al. 2016yhile the structural data of Salmijang obtainedfrom the master thesis of
Perks(2015)

3.3.1. Discontinuities in Aitik

Largescalestructures in Aitik

Although multiple geophysical, core logging, lineamstntlies and structural mapping studies )@been
conductedin Aitikto identify large scalestructures, no such discontinuities were successfully described
apart from the haging wallore contact. The up to 30 m thick thrust fault is dipping into the slope of the
hanging wall with an average of 4@=iqurel14). According @ humerical models, toppling failures can
develop around this structure at deeper mining depths (final pit depth 800 and 850 m), especially if the
slopeis not drainedproperly (Sjoberg, et al. 2016)

Figurel4 Simplified geological cross section of Aitik with sketched pit outline, modified aft8joberg, 1999)

Joints in Aitik

Multiple studies have been conducted to determine the orientatandproperties of joints in AitikCell
mappings,line mappings, oriented core measuremeni®rehole video analysis and photogrammetric
studieswere performed by several authors and by Boliden staffetermine joint attributesin the latest
rock mechanics stud§Sjoberg, et al. 201@hese previous studies werassessed;ompared and design
parameterswere derived consequently. Thmint sets based on the current ddiase are shownin
Appendix2. InFigurel5the sets are displayed by their corresponding design sectors in the pit.
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Figurel5 Joint orientations by desigsectorsin Aitik (Sjoberg, et al. 2016)

The mostfrequert joint sets in Aitik the high and middle angle foliation planes (JS1) which are dipping
south parallelsub-parallelto the ore body. Steeply dipping joints cutting across the ore zone (JS2 and JS3)
are also dominant. The length of thegent setsare short (up to 10 m) with a small-2 m wide spacing.

The sets are aligning with the large scale structural trends in the pit and an analogy between joints and
structuretrendscan be presumedSjoberg, 1999)

Long joints can ab be identifiedthrough the pit. Studies showed that thekmng discontinuities have a

dip direction similar to the JS2 (subparallel to the orebody) and 45° tdif5The length of these joints

is varying between 15 and 120 m, with the shojjt@nts present in the footwall, while longer ones more
current in the hanging wall. Joint spacing is 1 to 4 m. This orientation in the footwall is a source for

L2 GSYGAL €

LX Fy N FIAf dzZNBa

6GKS @2

2Ayida aRI&ftAIKGE

times, sed-igurel6 andFigurel?7. The presence of these structures is more frequent in the upper 180 m
levels both in the footwall and the hanging w@joberg, 1999)
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Figurel6 Long joints in the footwallSjéberg, 1999)
AR

Figurel7 Planar failure of a bench in Aitifootwall, photo courtesy ofBoliden.
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3.3.2. Discontinuities in Salmijarvi
Large scale structures in Salmijarvi

In Salmijarvi possible large scale structures can be identified in boreAdk1R1L1 and AITIR19, where

at given depth low BRQD and RMR values are present. In the first hole at 160 m the footwall contact can
be found whilein the latter hole at 2350 mthe hanging wall contact can be determined. Neither of

the possible structures consideredviiag considerable effects on the overall slope stability of the pit

(Perks, 2015)

Joints in Salmijarvi

Discontinuitieswere observed in Salmijarvi by borehole filming in 2008 and 2010 by Bergman and
photogrammetry survey by Ples in 2015. In the rock mass three dominant setse identified: (i) south
dipping foliation planes(ii) high angle eastvest dipping setand (iii) high angle north dipping system
(Sjoberg, eal. 2016; Perks, 2015y he design sectors are based on these sets and displayéglirel8.

The structure set dathy desigrsectorsare in Appendix2.

‘ t‘VIIHe North

f— 1

Data count =858

Figurel8 Salmijarvi pit design sectors with adherent joint sefBerks, 2015)

3.3.3. Discontinuities iliikavaara Ostra

The resultgpresented hereare derived from thdatest previousrock mechanic assessment of the pit,
which is from 2008. In thistudy, the RQD and RMR data from the 1996 conceptual stete processed,
and two more video inspectedboreholes (AITIK331 and AIFBR) were evaluated The available

information dated from 2008 until present day are gathered and assessed in defdiapter 4

Large scale structurés Liikavaara Ostra

In Liikavaara Ostra, the assumed large scale strestare the previously described crushed zones (see
subchapter2.3) mainly on thefootwall sideof the planned pit. Thesareas of discontinuities are known
from drill holes and seismic surveying and assumed to be significantly affecting the stability-obtiaall

pit area(Wiik, 2010) The zones are almost exclusively trending (geographicpHWr NNWESE and have

a vertical, subvertical dip, but with one zone trending to the (geographic) N with a 30° dipfspeell

in chapter2.3.
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Joints in Liikavaara Ostra

In the 2008study, three major discontinuity sets have been identified in Liikavaara Ostrafgpeel9.
Joint set 1 is parallel to the ore zone and similarly dipping/ag already indicateth the 1996 scoping
study(Krauland & Romedahl, 199@pint set 2 has a lower dip angf@n the ore zone and mostly occurs
in the southern part of the area, while the dip directionsig-parallelto the ore zone. Joint set 3 is

practicallya horizontalbbedding set and only identified in the northern part of the plannedp&rgman,
2008a)

H
£

Quantity

LW -

Plot Mode | Poke Vectors
Vector Count | 4 (4 Entries)
Hemisphere | Lower

Projection | Equal Angle

ID Dip Dip Direction
1 81 172
2 61 156
3 06 45

Figure19 Stereographic projection of thenajor structures at Liikavaara Ostra.
The 4" (black) set indicates the strike of the ore zone.

3.3.4. Comparison gbint sets in Aitik, Salmijarvi and Liikavaara Ostra
Based on the abovementioned structural orientations a general comparison tfréeepits can be made.

In Figure 20, the sets of Aitik and Salmijafeiotwallsand hanging walls are displayed. For jbimt sets
of Liikkavaara Ostra, séégurel9.
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Figure 20 Joints sets of Aitik and Salmijar{joberg, et al. 2016)

As the geology in Aitik and Salmijarvi is practically the samgoihiecharacteristics both in the hanging
wall and the footwall are broadly matching. In the hanging wall of pd#)the NNWSSE oriented system
appears to be the most relevant structure. In the footwall sectorAdlk, the S dippingfoliation is
dominant,along with the NNE dipping set. Although t8edippingoliation is present in Salmijarvi with
even steeper dipping, the NNE dipping system is the prireet (Sjoberg, et al. 2016)

Compared to thse two pits, Likavaara Osshows similarities with thefootwall section of Aitik. Théwo
major joint sets of LilkavaafstraareS dippingystems, while the third set is stiorizontal bedding set,
which does not appear to be dominant in either bétsectors in the already mined pits.

3.3.5. Joint shear strength properties
The shear strength of joints in Aitik has been investigated by several au8mgidl scale test of sawn drill
cores and shear tests on mated joint samples were performed by Cal(#93a6). In a latestudy, these
values were resvaluated by West eal. (1985)as cited inSjoberg(1999) Simple field tilt tests were
conducted by Sjoberd999)and the laboratory test results of previous studiesre also assesseBased
on the results of the tilt tests and previous works, the cohesion values can be assumed as zero; which is
also a conservative approach in the design prod€$sberg, 1999)The results of Sjober999)are
presentedin Tableb.

As no joint shear strengthatia is available from Liikavaara Ostra, the values obtained in thewtikpit
were usedor comparable rock type(biotite schist). For rock units withoatwailablefriction angle values
from Aitik either values from othemublicatiors (for conglomerate and turbidite) oconservative
assumptiors were usedasfriction anglein the slope stability analysfer Liikavaara Ostrélable6).
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Table5 Joint shear strengths in AitikSjoberg, 1999)
In the lastrow, the Sjoberg et al(2016)and West et al. (1985) names of theint sets are presented.

. Friction angle (*=estimated)
Sector Rock type Joint set i i Cohesion
yp name Typical Approximate
value [°] range [°]

Hanging wall | Amphibole gneiss All 28 27-30 0
Hanging wall | Hanging wall contact All 25 20-30 0
Ore Muscovite schist All 30 30-32 0
Ore Biotite schist All *30 *30-32 0
Ore Biotite gneiss All 32 30-34 0

Epidote-feldspar
Ore zone All *30 *30-34 0

Amphibole-epidote-
Footwall feldspar gneiss All *30 *30-34 0
Footwall Diorite All 32 30-35 0

Biotite gneiss with
Footwall amphibole All *32 *30-35 0

HAE (JS2),
All Long joints HAW (JS5) 36 34-41 0
Table6 Friction angles used in slope stability analysis in Liikava@sira
Rock type Friction angle [°] Source
Biotite schist 30 Aitik Life of Mine Repof(iSjoberg, et al. 2016
Conglomerate 35 (Barton & Choubey, 1977)
Turbidite 30 Lack of data, conservative assumption
Granite 31 (Barton & Choubeyl977)
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3.4.Current slope designs in AitBalmijaryiand Liikavaara Ostra
In all three opempits, the current slopedesignsare results ofiterative design processe$he different
slope angles and dimensions are calculated based on the qualityeafotk mass (RMR, BRQD), joint
orientations (dip and dip direction), joint properties (shear strength, roughness, filling etc.), available
hydrogeological conditions (water level, pore pressure) and the conclusions originating from the previous
relevant $ope designAlthough the bencldesignsare differing in the three mines, some dimensions are
concurring due to the necessities of the mining machinery, productemjuirements and rockfall
retention criteria. These dimensiomase displayedn Table7.

Table7 Design dimensions in Aitik, Salmijarvi and Liikavaara Ostra

Aitik Aitik Salmiiarvi Liikavaara Ostra Liikavaara

Footwall | Hanging walll ) Hanging wall Ostra Footwall
Single bench |5 15m 15m 15m 15m
height
Double bench
height 30m 30m 30 m 30m 30 m
Catch bench |, 11m 11m 11m 11m
width
Drilling offset 55m 3m 3m 3m 5.5m

One of theexceptiorsis the drilling offset in the Footwall sectors in the Aitik pit. Here the drilling offset is
lengthened to % m, so the same foliation plane is cutting the toes of both of the single benches
(Marklund, et al. 2007)n Liikavaara Ostra Footwall the offset is glmned t05.5 m due to the expected
low rock quality.

Maximum interramp heights and angles for the hanging wall and footwall intthim pit have been
assessedhrough bynumerical modelingin (Sjoberg, et al. 2016)The modelsvere testedwith 200 m
interramp height and the interramp slopesvere calculatedaccordingly. This work supports the
experience gained over the ges that in Aitiksixor sevendouble bench height (180 m in the hanging wall

or 210 m in the footwall) is a stable interramp height, depending on hydrogeological conditions and rock
type. As Salmijarvi and Liikavaara Ostra are currently not planneddedpeer than 300 m, this interramp
height is assumed to be valid at both locatid8gdberg, et al. 2016 hus the differences between the
designs are in the particular bench face angles, interramgles and overall slope angles. Figure21

the sketch of the bench design parameters is presented.
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Figure21 Bench designAfter (Sjoberg, et al. 2016; Marklund, et al. 2007)

InFigure22the current slope design criteria for all sectors in the Aitdinpit are presented, where BFA
is Bench Face Angle, IRA stands for Interramp Slopgde and OSA denotes the Overall Slope Angle
(Sjoberg, et al. 2016)

+6750,0 N

e Laoking de
e
0,0 NFIB 0 500,0

Figure22 Design sectors with bench face, interramp and overall slope angleaitik after (Sjoberg, et al. 2016)
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In Figure23, the designsectorsand the corresponding bench and interramp angles of Salmijarvi are
shown. In aldomainsthe overall slope angle (OSABB’ (Perks, 2015)

CDi11
BFAsZ

LB D2 : N  SE D2.0

BFA= 83 Sy ; . BFA=70
IRA=63.9 W0 RA= 538

C D3B
BFA= 85
IRA= 656

BFA= 85
IRA= 65.6

éz_bx C D3A
BFA= 83
IRA= 629

Figure23 Bench face and interramp angles by design sectors in Salmi{@®iks, 2015)

In the conceptual study of Liikavaara Ostra, several rock mechanical designs were conducted according to
different mining scenarios. From the different setups the dimensions of #ikernativ 1 is presented
here.

For the planned pit the following bendteights and angles have been calculated by Bergm&20idBa)

1 FootwallOSA 45°
1 Hanging walDSA 50°
1 FootwalllRA 48°
1 Hanging wallRA 56°
1 Footwall and Hangingall BFA 80°

In the NE (North East) gec of the pit due to the presence of the crushed zones, different design criteria
had been calculated. Flatter slope angles and lower bench hedghtadvisedn order tomaintain safe
mine operation. Preferably 15 m high singknchesor 10 +10m high double benchesre recommended
with 70° bench face angles. With these dimensions the interramp angles drer443° and the overall
slope angles are 38° or 40° respectii@grgman, 2008a)The described design ekentsare displayed

in Figure24.
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Figure24 Design sectors in Liikavaara Ostra af@ergman, P08a)

29



4. Datacompilation and analysis

From the Liikavaara Ostra area, extensive rock mechanical data is available from drill cores which are
adequately covering the mineralization and its surroundings. In 285 part of the prefeasibility study of

the project, a geological and rock mechanical drilling program commenced. Duringrtigsam the

author of this thesis contributed to the work with logging of 942 m of drill @@re conducting point load
testson 358 rock sampleslin this chapter, lhe results of the 2016 drilling program and the previously
available rock mechanical data asempiledand compared to the corresponding information from Aitik

and Salmijarvi pits.

4.1.BRQD

BRQD data is available from altkatypes in Liikavaai@strawith a total length of 102035 m of core.

For the sake of clarity only those rock types are presented in this paper from which the percentage of
RNAff SR O2NB A& | NRPdzy R 2 NJ | 62 gfureddis@ays the reSiltsiof? G I f
the BRQD logging grouped by rock typable8 and Table9 present the comparison of the datasets to

the previous Liikavaar@strastudies and the latest findings in Aitik and Salmijarvi. Note that in Aitik and
Salmijarvi footwall and hanging wallalotypes are differing from Liikavaa@¥stra for thisreason the

BRQD values of relevant footwahangingwall rockunits are in theables, thuscomparison of the slope
conditions is possible.

Table8 shows thatthe recent findingg(2016)and the historical” datg(pre 2016)from Liikavaaradstra

are matching despite the differences in the division of rock tyjpekcatingthat the results of the recent
study ae reliable When the Liikavaar®straBRQD values are compared to the rock mass quality of Aitik
and SalmijarviTable9) it is clear that the footwall side of Liikavaatstrais in significantly worse
condition than the other two pits, while the ore zone and the hanging wall side of Liikefst@more

or less are in the same condition based on the BRQD measurements.

Table8 Liikavaara Ostra BRQI@sultscomparison

BRQD RQD
Bergman, 2008a) (Krauland & BRQD
Rock ( ' Rock
ock type (Avg. + standard Romedabhl, ock types (Avg. + standard dev.)
dev.) 1996)
Biotite gneiss N/A, 45 + 28, o .
— - Biotite schist 46 + 22
Biotite schist 47 + 36 52 +22
i Conglomerate 51+24
Volcanic 37+37 56 + 24 gom
sediment Turbidite 31+27
Andesite, 52 + 35 67 + 16 Andesite 45+ 23
Epidote zone
Granite 18+ 25
Diorite 59 + 23
Aplite 53+18
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Liikavaara Ostra BRQD results
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Figure25 Liikavaara Ostr@ompiled BRQD results.

Table9 LiikavaaraOstra, Aitik, and Salmijarvi BRQD comparison tabl8reen colored results indicate better rock conditions
in LiikavaaraOstra while redvalues showworse circumstances than in Aitik or Salmijarvi

Aitik Salmijarvi
Liikavaara Ostra (Bergman,
(Sjoberg, et al., 2016 2008h)
BRQD BRQD \(Veighted BRQD
Area|  Rocktypes (Avg. + standard dev.) Avg.) (Weighted Avg.)
HW | Conglomerate 51+24 55* 50*
Biotite schist 46 £ 22 52 -
Biotite gneiss - 62 69
Ore .
Andesite 45 £ 23 - -
zone —
Diorite 59 + 23 58 39
Aplite 53+18 - -
Turbidite 31+27
*%* **
FW Granite 18+ 25 o8 39
* Hornblende banded gneiss ** Diorite
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4.2.RMR
In Liikavaar@stratotal of 2967.8 m drill core have been logged according to the Boliden RMR standard,
whichis basedn the 1976 version of the Rock Mass Rating (RMRgure26 shows the results by units,
Tablel0and Tablel1l compare the findings to previous datasetBAitik and Salmijarvi RMR information.
It is clear from the presented data thedck mass (and joint surface and filling) conditions slightlyto
significantly worseompared toAitik and Salmijarvi.

Liikavaara Ostra RMR results

100 900
800
700
600
500 | Drilled length [m]
400
300

RMR

200 Average of RMR

100 Min of RMR

0 Max of RMR
mmm StdDev of RMR

—o—sum of length

Figure26 Liikavaara Ostra RMR statistics

Table10 Liikavaara Ostra RMR statistics

Rock tvpe RMR(Bergman, 2008a) Rock tvpes RMR
yp (Avg. + standard dev.) yp (Avg. + standard dev.)
Biotite gneiss N/A, . .
— , Biotite schist 64 + 14
Biotite schist 70+ 12
+
Volcanic sedimen 67 £ 12 Conglo.m.erate S8+15
Turbidite 56+ 14
Andesite, 72 +12 Andesite 64 + 15
Epidote zone
Granite 44 + 14
Diorite 6012
Aplite 76 £ 11
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Table11 RMR comparison tablef LiikavaaraOstra, Aitik and Salmijérvi
Red colored results indicate worse roclonditions in Liikavaar@stra, than in Aitik or Salmijarvi.

LiikavaaraOstra Altik Salmijarvi
(Sjoberg, et al., 2016] (Bergman, 2008b)
RMR . .
Area | Rock types (Avg. + standard dev.) RMR WeightedAvg.) | RMR WeightedAvg.)
HW | Conglomerate 58 £ 15 67* 66*
Biotite schist 64 +14 64 -
Biotite gneiss - 70 76
Ore ,
Andesite 64 + 15 - -
zone —
Diorite 60 £ 12 69 60
Aplite 76 £11 - -
W Turbidite 56 + 14 69+ 50+
Granite 44 £14
* Hornblende banded gneis ** Diorite

BRQD and RMR valugsre also displayeith 3Dmodelingprogram, for which thé EAPFROG GE®RANZ
Geo, 20163%oftware was utilized, sdeigure27. The presentation of rock mass properties this way enabled
to identify the weak areas ardiscontintity zones discussed earlier and to aid the process of selecting the
design doman borders.

27 leapfrog’

Figure27 3D BRQD database with the final pit in Liikavadbatra
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4.3.BRQERMR correlation
As from the drillholes only 29% of the total lengt was RMR logged, a BR&MR correlation was
calculated and displayed in the 3D datab@&s@rder toenhanceand aid the domain selection process.
The correlation and extrapolation of BRQD valwese basedon a previous prefeasibility studgr the
Nautanen deposifltasca, 2016)In this work, RMR values were extrapolated to areas where only BRQD
data was available. According to the insight of Itasca this correlation (with caution) can be dlked in
preliminarydesign stage, but extensive and carefata analysis must take place before application since
rock mass angbint condition trends vary from site to site. The proposed correlation function of lt@sca
displayedwith ared dotted line inFigure28.

BRQD vs. RMR - ALL DATA
100

90

hyperbolic function:
RMR=35*(1+4(-3.2*BRQD)/-30)"(-1/-3.2)

80

y=0.3277x + 43.716
— L R?*=0.692

" X-BRQD vs. Y-RMR"

RMR

= == = Hyperbolic Decline Funtion

—— RMR Best Fit

10

BRQD

Figure28 BRQDvs. RMR plot from the Itasca repoiitasca, 2016)

Inthe caseof Liikavaar@®stra the RMR and BRQD wéiist plotted from drill holes where both data was
available, aftewhichthe appropriate trend line was selected, whisfasfitting the plot the best possible

way. The original trend line of Itasdalye in Figure29) would significantly overestimate the RMR values

in LiikkavaareDstrg this is why the function was modifiegéllow, Figure29) to cover the plot better. As

the scatter of the RMBRQD plot is significant (approximately 20 Rddidts), and the modified trend

line runs in the average of it, the achieved results must be treated with cautidnoalyusedin the
preliminary design stage. The extrapolated RMR results were only part of the domain selection process in
this thesis,asan aid to better visualize the rock mass properties in pheblematic (low BRQD value)
areas, seeKigure30).
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4.4.Compressive strength
For acquiring information regarding the compressive strength of rock types in Liikavaara Ostra, point load
tests(PLT)were executedIn the conceptual studgf 1996,306 samples were tedandin the present
study, an additiona251 validtests were conductedout of 358 samplesPuring themeasurementsthe
point load testing standards of the International Society of Rock Mechanics (ISRM) and Boliden Mineral
ABwere followed(ISRM, 1984; Boliden, 2000Byom the testing of the samples, first the point load index
(I was obtained, after size correctiogdd) and conversion the uniaxial compressive strength (UCS) was
received. The conversidactor between dsgand UCS was 22Ithoughprevious reportsshow thatthe
conversion factor oR2isrealistic in Aitik, UCS sampling and calibration of the factor for the rock types in
LiikavaaraDstrais recommended, thusnore precise results can lmdbtainedin further studiesBased on
GKS 2NASYillF A2y 2F (K S(afpfN [(difhetigvallies of VBESSUlth@NB & | Y LI
recorded, fothe RS T A Y AHIA Z K @ HiguréZ. S Be results of the 2016 sampling campaign are
shownin Figure32and Tablel2. The comparison of the previous and recent point load tests of Liikavaara
areais presentedin Tablel3.

{AIYATAOIYyG RATFENRY ORE & aS8y A yo@BtOukyisPreseriCin & | y A &
the sampéd rock type Figure32, Table12). In LiikasaraOstrathis can be observed in atsted rock

types, except the conglomerate, which is the main rock unit of the hanging wall and not considered to be
foliated. Apart from the schissity of the biotite schist (whicis expected, theselargedifferences of UCS

values in the footwall rocks (granite and turbidite) also support the poor BRQD and RMRinestdted

in the footwall sidefrom logged core samples

Side view Side view L [1] Failure plane
I Foliation
. d-value: no foliation a-value: failure runs
Top view ar failure parallel to Side view through the foliation
/ foliation planes

Figure31 Definition of "a" and "d" values of failure acording tothe BolidenPLT standar@Boliden, 2000hb)

Table12 PLT test results in Liikavaara Ostra

PLT results by all rock typesa™and "d" values
Rock type Andesite | Biotite schist| Conglomerate| Granite | Turbidite
Average "a" UCS [MPa]| 1209 1136 1238 115.9 149.6
Minimum "a" UCS [MPa] 29.2 34.6 23.1 59.0 72.7
Maximum "a" UCS [MPa]| 1700 2402 2432 1524 280.7
Std. Deviation "a" [MPa] 530 55.7 555 37.4 47.8
Coefficient of Variation"a" 44% 49% 45% 32% 32%
Average "d" UCS [MPa]| 820 46.1 100.1 581 86.1
Minimum "d" UCS [MPa] 47.0 6.1 15.6 3.8 6.1
Maximum "d" UCS [MPa]| 1307 97.7 1875 1705 1738
Std. Deviation "d" [MPa] 29.9 26.1 489 70.4 45,6
Coefficient of Variation "d"| 36% 57% 49% 121% 53%
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PLT by rock and failutgpes
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Minimum "d" UCS [MPa]
Maximum "d" UCS [MPa]

Figure32 Point load testresults in Liikavaara Ostra

Table13 Comparison of point load test results in Liikavaara Ostra

PLT(Krauland &
Romedahl, 1996) PLT([MPa], Average
Rock types (IMPa], Average + Std Rock types + Std. Dev.)
Dev.)
Biotite gneiss L _
— - 77 £52 Biotite schist 62 £ 45
Biotite schist
Conglomerate 108 + 52
Volcanic sediment 150 + 58 -
Turbidite 105 £ 54
Andesite 157 + 47
- Andesite 96 + 43
Epidote zone 145 + 88
Granite 84 £ 62

From the comparison of the 1996 and 2016 test results, significant differences in UCS can be observed
within the same rock typeswith all rock units tested in 2016 hiag lower strength values than in the

1996 test.This carbe the result of the accuracy of the point load test method, the difference in the testing
device, the sampled rock or the different rock type nomenclature. Duedsdtiifferences, in thiseport,

only the results of the 2016 sampling are used, which results in a conservative apgpnagaehoverall

slope stability analysis of the Liikava&rstrapit.
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4.5.Joint orientation data
Joint orientation dataare available from 7 videdilmed boreholes (marketlack inFigure33) and one
partially core oriented drill hole (marked red Fiigure33) in Liikavaar®stra It canbe statedthat joint
orientation datais sufficiently probedn and around the pit, except the footwall side of the mine where
borehole filming was not possibleud to poor rock conditiong-or this reasonone oriented core was
targeted in the footwall area in 2016, but the orientationaire was not possible in full length due to
excessivelyow rock quality. From the AITIK413 hole onlyZ2lsheter ofcorewaspossibleto be oriented
between boreholelengths 0f49.3 m and 63% m, thus joint orientation data is limited and not
comprehensive in this area. The stereonets of all holes in Liikavaaima/Appendix3.

o + + ;
& & g1 +12000
o o o
o =] =]
|MNorth (Y)
T+11800 [I
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4 L
s ‘ 4 !| AITIK363 +11760
$+11600 N = HA'|T|K33_1
b AITIK365
® AITIK369
- %K?,QZ +11400
.:,_r:c;;—‘-ﬂ‘ .
AITIK3912 . 2 2 ) S
+ + + + + w
AITIK333
Looking down O
o 5 0 1004 200 300
n & 1
o [=) Sy
=) =] =]

Figure33 Location ofjoint orientation data sources in Liikavaara Ostilack marked holes indicate borehole videnapping
red color shows hole with oriented core.

Thejoint orientation datawas compilednto one database, hendbe comparisorwith the 2008 and 2010
borehole video surveys is possible Higure34 joint sets from 2008 (green), 2010 (blue) and 2016 (red)
are projected moreover, the strike of the mineralization is displayed with the thick red linézigure35

the trend lines of thgoint sets arepresentd over the geology of Liikavaafastra All setsdetermined
are within a£10° range when compared to the previowint sets bothregardingdip and dip direction.
Only the dip directions of thkorizontalsets are differing significantly, but daseof the horizontalset, it
can be disregardedréblel4, Figure34).
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Based on the 2016 borehole video results a nimwrth setwas identified The reason why this set could
havebeen determineds the orientation of theock mechanicaholesdrilled in 2016. While all previous
holes were drilled perpendicular to the foliation of the ore zone, AITIK391 and AITIK392 were drilled
roughlyparallel to the foliation of the mineralization. This differenceiiill tiole orientation made this set
became visible as the holes were not parallel to th& Mendingoint set. This location and direction of
joint set 4is concurring with the genergbint orientation in Scandinavian ore mines. On average the
followingthree setsare dominant and present in Scandinavia:

1 Vertical, subvertical joint set (foliation of the rock)
9 Horizontal sub-horizontal set due to the Scandinavian uplifting since the last glacial period
1 Orthogonaljoint set which is perpendicular to the previous twetscaused by tectonic events.

Color Density Concentrations
g.00 - 1.00
100 - 200
200 - 3.00
3.00 - 4.00
400 - 500
5.00 - 6.00
6.00 - 7.00
7.00 - 8.00

8.00 - 9.00
9.00 <
Contour Data | Pole Vectors
Maximum Density | 11.28%
Contour Distribution | Fisher
Counting Circle Size | 1.0%

| Color ‘ Dip Dip Direction | Label
User Planes
1 [ ] 61 156 2008 set 1
2 ] 81 172 2008 set 2
3 (] 6 55 2008 set 3
4 [=] 56 148 2010 set 1
5 [ ] 81 167 2010 set 2
6 [ ] 8 304 2010 set 3
Mean Set Planes
m [l 56 152
am | W 81 167
N | 1 81
am [ W 89 74
Plot Mode | Pole Vectors
Vector Count | 5320 (5320 Entries)
Hemisphere | Lower
Projection | Equal Angle
e

Figure34 Comparison of 2008, 2018nd 2016 joint orientation data results
The thick red line displays the trend of the ore mineralization.

It isvital to note here that thicompilation of all data into onstereonetwas not usedn further analysis
In the separate desigeectors the relevant joint orientation data was used from the hole considered
suitablefor the domain.
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Looking down 8

Figure35 Joint set trend lines compared to the geology at Liikavaara Ostra

Table14 Comparison ofoint sets determined in 2008, 2010 and 2016

Year Set | Dip[°] Dip direction [°]
2008 Set 1 61 156
2008 Set 2 81 172
2008 Set 3 6 55
2010 Set 1 56 148
2010 Set 2 81 167
2010 Set 3 8 304
2016 Set 1 56 152
2016 Set 2 81 167
2016 Set 3 1 81
2016 Set 4 89 74

The drill holeAITIB31AITIK333, and ATIK369 Figure 31, Figure 32, and Figure & in Appendix3)
are entirely or partially locatedn the biotite schistd@re zone). In althree stereonetstwo joint sets
can be determined. Namely the steeply dipping foliation of the adithist and the (sulljorizontal
set.However in ATIK369boreholea third set can be identified, which has NESWtrending rather
similar to the orientation of the granite intrusion obsed in the NW side of the pitKigure35).
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AITIK363 and ATIK365 boreholesKigure3-3, andFigure 34 in Appendix3) are located in an identified
crushed area, giving fundamental information regarding the orientation of joints in tloegeock
quality zones. In both stereonets potential wedge forming ®itan bedetermined, moreover in
AITIK365 the steeply dippingfiation set and the (sub) horizontal discontinuity set are present, as the
holeis partially locatedn the biotite schist. In AITB&3 the foliation andhorizontalset caused byhie
uplifting are not identified

AITIK391 and AITIK392 holegy(re 36, and Figure 37 in Appendix3) are the boreholes drilled in
2016 for borehole video mapping. In both holes several steeply dipping sets are present trending
NNWSSE (mnilar direction as the orthogonal set to the foliation and the (shibjizontalset), WE
(parallel to the ore zone foliation) and MV (trend of the granite intrusion). Tierizontalset is

also determinedn both holes.

AITIK413Kigure 38 in Appendix3) hole was partially core oriented, as the rock quality was so low in
the hole, that only 1£ meters ofthe corewere possible to be oriented. From thé&gment only 23
joints were logged, from whictwo sets couldbe determined Both sets are broadly concurring with
the direction of the granite intrusiont is possible that more joint sets are present in this area, but
due to poor rock quality successful sampgliwas not possible until this datk.is strongly advised to
obtain data from this segment of the planned pit, whisturthereloborated uponin the Discussion
chapter.
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5. Domain determinatioffor Liikavaara Ostra

As rock type, intact rock strength, dentinuity orientation, and rock mass qualityary over theplanned
mine site, division of the pit into smaller sect¢domaing was necessario executeeffectiveand relevant
slope stability analysis. The selection of ttmmainswasbasedon rock type,ntact rock strength slope
dip direction, discontinuity orientatiorthe presenceof larger scale structures and previous design work.

In the latest availableock mechanic study of Liikavaatestra the pit was divided intdhree domains
namely Hanging wall, Footwall and North East Biegire24 in Chapter 3 The further designation of
domainswas basedn these sectoranoreover, the updated geological and rock mechanicdbrmation
collected since the last study.

Although there are several rock typisLiikavaara@strg only four of them are presentets such extent
that it can significantly affect the slope stability. thisthesis only the granite, theurbidite, the biotite
schist and the conglomerat@ck units were consideredn the stability analysis process he parameters
of rock types usedre shownin Figure36.

Granite: Turbidite:

BRQD: 18 + 25 BRQD: 31 + 27
RMR:44 + 14 RMR: 56 + 14

Friction angle: 31° Frictigh angle-30 _

Biotite schist: /

BRQD: 46+ 22 S N "~ s Co

RMR: 64+ 14 s o e —— BRQD: 51 + 24

UCS : 62 £45 MPa L e— Z;.Z""' RMR: 58 + 15

Friction angle: 30 ° i f UCS :108 £ 52 MPa
; Friction angle: 35 °

i) L)
i =

Figure36 Rock unitsconsidered at theslope design process
The friction angles denote the joint friction angle of the rock type.

By investigating the strength and quality veduof the rock units (BRQRMR and UCS)it wasclear that
the division of the sectors according to theology wa necessanRock types of the footwall (granite and
turbidite) had lower BRQD and RMR valukan the ore zoneljotite schisj and the conglomeratén the
hanging wall. Thalifferences in the UCS and friction angle values also redjtire separation.The
foliation present in the biotite schist, granite and turbidite also support the division of domains.

The previously describg@eesubchapter2.3) large scale structure&rushed zonesgan also affect the
slope stability. As these zones ahknost exclusivelyn the North East and Footwallomains it was
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reasonable to divide the pibto smallersectorsin these areadp investigatethe effectsof these zonein
higherresolution.

Based on the differing BRQD, RMR dB@&Bsalues othe rock typesmoreover the joint and discontinuity
zoneorientation datg the pit can be dividedto the designdomains listed imrablel5 and visualized in
Figure37. The stereonets of the joint orientation data with the correspondétmgnainsare displayedn
Figure38.

Table15 Slope stability design dmains of Liikavaara Ostra

Domain name | Domain code | Main rock type | Slope Dip direction [°]

Hanging wall 1 HW1 Conglomerate 319
Hanging wall 2 HW2 Conglomerate 9

West End 1 WEL1 Biotite schist 30
West End 2 WE2 Biotite schist 130
Footwall 1 Fw1l Granite 146
Footwall 2 Fw2 Turbidite 156
North East 1 NE1 Turbidite 185
North East 2 NE2 Turbidite 217
East End EE Biotite schist 274

Figure37 Final cesign domains of Liikavaara Ostra with the pit outline, geology and identified discontinuity zones
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AITIK413 AITIK363

AITIK331

AITIK333

A AITIK392

AITIK391 ™

Figure38 Final comains in Liikavaar®strawith relevant stereonets

During the design process not only the abovementioned fittahainswere used Temporary design
sectorswere alsoutilizedin certain areasin order tofully understand and assessrh stability. These
temporary orworkingdomainsweresituatedin the Fotwall side of the pit where the presence of crushed
zonesand other structures were evident and additional investigation wexguired The results of the
temporary sectorswere implementedto the final designrecommendationsand the domainswere

mergedwith the mainsectors The temporarydomainsare displayedn Figure39.

FW?2 DEEP NE2
lower parts

FW1 DEEP . / NE2

Figure39 Location of temporarydomainsin Liikavaaradstra
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6. Bench slope stability analysis

In hard rockopen pit mines bench scale failures are governed by thesence, orientation and surface
properties of discontinuitiesDependingon the relative direction of thdenchslope and thgoint sets,
either planar, wedge or toppling failures can developbenchscale. In thishapter; first the mentioned
failure modes are assessed in ealdmainwith kinematicanalysis. Afterwards the selected sectors are
further analyzed witlprobabilistic anébr deterministicmethods Then lased on tle results of the various
analyse, and experiencegjatheed in Aitik andSalmijarvi bench (and interramp) desigrarametersfor
Liikavaara Ostra mingre recommended

6.1.Failure types
The major types of discontinuity driven failurés hard rock minesre the planar, wedge and toppling
failures where themain influencing factor is the orientation gbint sets compared to bench slope
direction In thissubchapterall three types are briefly assessed and in the later chapters are referenced.

6.1.1. Planar failure
For planaffailureto occur inbenches several criterianust be satisfiedWyllie & Mah, 2004)seeFigure
40. These are the following:

1 The sliding plane (existing joint surface or formed plane) must be parallel to the dip direction of
the bench omust bewithin a +20° window.

1 The dip of the plane must be lower than tbi of the bench slope (the plane must daylight)
- v

9 Thedip of the planemust be larger than the friction angle calculated (or assumed) for the joint
6at ARAY3 LIlFyYySO &adz2NFIF OS

1 The sliding plane intersects the upper slope orsind tension crack

Upper slope —__ Vs

“~Tension crack

Slide plane

For sliding
V> V> ¢

Figure40 Criteria for planar failure, afte(Wyllie & Mah, 2004)
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6.1.2. Wedge failure
For wedgdailureto occur the following circumstances must achieved

9 Twofailure planes must intersect in thieench and the line of intersection mustaylight in the
slope, sed-iguredla

1 The dip of théntersectionline must belarger than the friction angle of the two jomand flatter
than the dip of the bench fif ip . Figdred o

(a)

(b)

Line of intersection

Lineof ____
intersection

Figure41 Criteria for wedge sliding, modified aftefWyllie & Mah, 2004)

6.1.3. Toppling failure
Within toppling failuretwo major types of fdure can be identifiedpnamely, block and flexural toppling.
Block toppling is mostly typical to verticalgubvertically jointed rock mass with orthogonal sets, flexural
toppling is morespecificto steeplydipping thin bedded formabns where interlayer slip occurs. The
combination of these two types is also possible.

Block toppling

Block topplingoccurs inhard rock conditions when at least twadefined sets of joints are presenithe
necessary discontinuities for block topplingacur are theset (or sets) of discontinuities that are steeply
dipping into the bench face forimg rock columns; and a widely spaced, orthogonal joint set which cuts
into the steep rock columns. Smaller columns at the bottom of the slope are pushed doloy#ne larger
rock columns which are overturning, resulting in further toppling, Sggire42.
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Figure4?2 Sketch ofdirect (block)toppling. Steeply dipping rock columns are undercut by widely spaced orthogonal joints.
Goodman and Bray (1976) as cited(Wyllie & Mah, 2004)

Flexural toppling

Flexural toppling develops in rock slopes with steeply dipping discontinuities, where the orthogonal joint

set is not well developedn this casethe failure occurs as an interlayer slip, which develops between the

rock layers. If the dip of the beddingf I yS& A& X .anglkand th&idenctefack ghile iF NR O A
hy (GKSy AydSNI &SN (Bobdnkd, POEPeefGEredd F 0 dn

Interlayer slip to occur:
(90-8)+ ¢ < a
0
90-6
0 \\

Figure43 Sketch of flexural toppling criteria after Goodmgi980)
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6.2.Bench width design criteria
In the desigreriteriaof Liikavaara Ostra (similarly like in Aitikde®almijarvi) the width of the catchment
bench wa calculated based on the empirical equation developed by Ryan & iR3000, se€=quation
1. This criteriaelieson the Ritchie (1963) criterias cited ifRead & Stacey, 2008)

Equationl Catch bench width criteria

lm 0" ol 8 fm A Ad« 80

In the conduded analysis with 30 m and 15 m bench heighits and 8 meters wideatchment bench
widths were usedespectively.In both analysisthis benchwidth wad R Sy 2 (i SeffectiveébendhK S
g A R K¢ B nopthelexa&vated bench width. A= mining will beexecuted by drilling and blasting
backbreak from blast damage is expected. Thus the blabttthwidth is wider and includethe blast
damaged zone (wherie backbreak occurs) and theffectivebench width. In the estimated backdak

a 3 m wide drilling offset waincludedfor the hanging wall side, anal5.5 moffset distancefor the
footwall side This offset valuas requiredby the regulations and limitations of the blast hole drilling
proces. The bench dimensiomse visualizedn Figure44.

Total bench width

X+11m -
Back break Effective bench width
X m 11m
= —

Drilling offset

; / Bench face angle
."'r / "x

Interramp angle

Figure44 Bench dimensions inilkkavaaraOstramodified after Perkg2015) Note that the drilling offset required by
production citeria is includedin the estimated back break.
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6.3.Kinematic analysis

To identify the critical joint sets and failure types in each donfast, the kinematic analysis of theint
orientation data was conducteavith DIPS 7.QRoccience, 2016b¥koftware. For eachdomain the
correspondindnistoricor newly acquired datasetstgreoploty were used alongside withe determined
bench slope dip directions and friction angles. The bench face angles and interramp angles tested in the
analysiswere basedon the results of the latest rock mechanical design criteria of Liikav@siia from
2008.The kinematic analysisas executedvith the built-in kinematic analysis toalf DIPS 7.0Figure45
displays the kinematic analysis applied for planar failure case in the ddéwain. InTablel6 the results
of the analysis are presented for planar failure in the fa@hains For the temporargectorsthe results
for planar failure are irmmablel7. The resultof the kinematic analysifor the rest of thefailure types
(wedge, direct toppling anddkural toppling)are presentedin Appendix4.

Figure45 Stereoplot of knematic analysis for HW1 domain, planar failure case
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