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Summary 
The Garpenberg mine, owned and operated by Boliden Mineral, has conducted tests of rill 

mining in the Dammsjön orebody to increase production. Dammsjön is a steeply dipping 

orebody surrounded by limestone on the hangingwall side and a quartzitic rock on the 

footwall side. The rill mining test was conducted on the 753 meters level and had a bench 

height of approximately 10 meters.  

 

Monitoring data obtained during the rill mining provided an opportunity to create a numerical 

model representing the real rock mass. The model could be calibrated to replicate the 

behavior observed in the monitoring data. As a first part of this thesis work, analyzes of the 

monitoring data showed that the problem could be considered two-dimensional (2D). 

 

A 2D model was created in the numerical code FLAC. The model was calibrated, in terms of 

material parameters of the rock mass and mechanical parameters of the contact zones between 

them, to replicate the rock mass behavior observed in the real rock mass. The desired 

behavior included (i) deformational pattern, (ii) magnitudes of deformations and (iii) 

relationships between the magnitudes of roof and wall deformations.  

 

A three-dimensional (3D) model was also created in the numerical code FLAC
3D

. The model 

is an extension of the 2D model in the third dimension and represents the real test mining 

sequence. The 3D model was used to verify the behavior of the rock mass in three 

dimensions. The 3D model also includes ground support in terms of rock bolts installed in the 

drifts in the same manner as in the real mining operation. In future work, the bolted 3D model 

may be calibrated against the observed bolt failures of the test mining to further increase the 

reliability of the model. 

 

Two sets of material parameters were determined that made the model replicate the desired 

behavior. The calibrated 2D model was finally used to investigate alternative geometrical 

cases of rill mining that the mine expects to encounter in future mining. The investigation 

included ore widths of 8, 12 and 16 meters with bench heights of 10, 12 and 15 meters, 

respectively. Analyzes were also conducted regarding four consecutive levels of rill mining 

with the same nine geometric cases as above. The investigations included analyzes of 

deformation, stress redistribution, yielding, and sliding along the ore – host rock contacts. The 

mine strives for failed rill benches before extraction in terms of destressing, but without 

collapse. 

 

The recommended bench heights for conducting rill mining under the conditions of this study 

are: (i) for 8 meters wide orebodies, bench heights of 10 meters or lower are required to 

ensure failed benches before excavation, and (ii) for 12 and 16 meters wide orebodies, bench 

heights of 15 meters are possible, while still having failed benches to extract. 

 

The analyzes of alternative mining geometries showed that roof displacement increased with 

increased bench height, but decreased with increased ore width, wall displacement increased 

with increased bench height, but decreased with increased ore width and sliding along the ore 

– host rock contacts  increased with increased bench height, but decreased with increased ore 

width. 

 

Keywords: Boliden Mineral, Garpenberg, rill mining, FLAC, FLAC
3D

, numerical modeling, 

calibration, stability, deformation.  
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Sammanfattning 
Garpenbergsgruvan som ägs och drivs av Boliden Mineral har utfört en provbrytning med 

brytningsmetoden ”rill mining” som ett led i att öka produktionen. Testet utfördes på 753 

meters nivån i malmkroppen Dammsjön. Dammsjön är en brantstående malmkropp som 

omges av kalksten på hängväggssidan och kvartsitiskt berg på liggväggssidan.  

 

Provbrytningen övervakades med noggranna mätningar av deformationer och förskjutningar i 

produktionsorterna. Mätdata erbjöd en möjlighet att konstruera en numerisk modell som 

återger beteendet av den verkliga bergmassan. Modellen kunde sedan kalibreras mot uppmätta 

deformationer. Som en första del i detta examensarbete analyserades erhållna mätdata från 

provbrytningen där slutsatsen kunde dras att problemet kunde förenklas till ett 

tvådimensionellt beteende (2D). 

 

En 2D modell skapades i den numeriska koden FLAC. Modellen kalibrerades sedan för att 

återge det uppmätta beteendet i bergmassan innefattande (i) deformationsmönster, (ii) storlek 

på deformationer samt (iii) förhållandet mellan storleken på deformationerna i taket samt i 

väggarna på produktionsorten. Kalibreringen innefattade justering av mekaniska egenskaper 

för de tre bergtyperna samt mekaniska egenskaper för kontaktzonerna mellan bergtyperna. 

 

En tredimensionell (3D) modell skapades även i den numeriska koden FLAC
3D

. Modellen är 

en förlängning av 2D modellen i den tredje dimensionen och representerar det verkliga 

brytningsförloppet i provbrytningen. 3D modellen används som verifiering av 2D modellen 

samt för undersökning av bergets beteende i den tredje dimensionen. I 3D modellen är också 

bergförstärkning i form av halvingjutna bultar installerade enligt samma principer som i det 

verkliga fallet. I framtida undersökningar kan bultbrott i modellen kalibreras mot observerade 

bultbrott i verkligheten för att ytterligare öka tillförlitligheten i modellen. 

 

Den kalibrerade 2D modellen användes sedan för analyser av rill mining i andra geometrier 

som gruvan bedömer kan bli aktuella i framtida brytning. Tre malmbredder analyserades: 8, 

12 samt 16 meter. För varje malmbredd analyserades sedan tre olika pallhöjder: 10, 12 samt 

15 meter. Analyser av fyra på varandra följande nivåer av rill mining genomfördes också med 

de nio ovan nämnda geometriska utförandena. Analyserna utvärderades med avseende på 

deformation, spänningsomlagringar, plasticering samt glidning längs kontakterna mellan 

malm och omgivande berg. Gruvan strävar efter brytning av avlastade rillskivor. Skivorna bör 

således gå i brott men utan att kollapsa. 

 

Rekommenderade höjder på rillskivan vid brytning med rill mining-metoden med 

förutsättningar i enlighet med denna studie är: (i) för 8 meters malmbredd krävs skivhöjder av 

10 meter, eller lägre, för att säkerställa brott i rillskivan innan brytning, och (ii) för 12 och 16 

meters malmbredd kan skivhöjder upp till 15 meter användas med brott i rillskivan innan 

brytning som följd. 

 

Analysen av alternative brytningsgeometrier visade att förskjutningarna i taket ökade med 

ökad höjd på rillskivan, men minskade med ökad malmbredd, förskjutningarna i väggarna 

ökade med ökad höjd på rillskivan, men minskade med ökad malmbredd och glidning längs 

kontakterna mellan malm och omgivande berg ökade med ökad höjd på rillskivan, men 

minskade med ökad malmbredd. 

 

Nyckelord: Boliden Mineral, Garpenberg, rill mining, FLAC, FLAC
3D

, numerisk modellering, 

kalibrering, stabilitet, deformation.  
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1. Introduction 

1.1. Background 
The Garpenberg mine, owned and operated by Boliden Mineral, is undergoing an expansion. 

The annual production will be increased from 1.4 Mton (million metric tons) to 2.5 Mton. To 

increase the production rate rill mining has been tested as mining method in the Dammsjön 

orebody. The rill mining is also chosen to limit stability problems in breasting faces 

associated with traditional cut-and-fill mining. 

  

Test mining with rill mining has been done on the 753 meters level in the Dammsjön orebody. 

The test mining provided monitoring data describing the deformations of the rock mass 

during the mining operation. This data give an opportunity to create a numerical model 

describing the mining sequence and calibrate it to behave like the real case. The model may 

then be used to evaluate a spectrum of different scenarios of future mining, regarding both 

geometry and sequencing.  

 

1.2. Objective and Scope 
As for any other mining method, the success of the rill mining operation is governed by the 

possibility of minimizing production disturbances while achieving high production and 

extraction rates. 

 

The objective of this thesis work was to determine the most suitable geometry of the rill 

mining in the Dammsjön orebody in terms of stability. Creating a numerical model and 

calibrating it against reality allowed investigation of a range of possible scenarios and 

geometries of the mining. The final outcome of the thesis is recommendations regarding 

geometry of the rill mining in the Dammsjön orebody.   

 

Conclusions are also made regarding failure of the rill bench with respect to the advancing 

face of the top drift. 

 

1.3. Approach 
The approach of this thesis work was as follows: 

i. Literature review. A study of background, theory and previous work in this area. 

ii. Fieldwork. Estimation of input data for the model by property assessment in the field 

and from drill cores. 

iii. Analysis of monitoring data. The monitoring data from the test mining is analyzed 

both to establish trends of deformational behavior and to understand the failure of the 

rill bench. 

iv. Construction of numerical model. Setup of the model representing the real case and 

used for further analysis. 

v. Calibration of numerical model. Calibration of material parameters to make the model 

replicate real rock mass behavior. 

vi. Geometric analysis. The calibrated model is used to establish recommendations 

regarding geometry for future rill mining in the Dammsjön-orebody. 
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2. Mine Description 

2.1. General 
The Garpenberg mine is owned and operated by Boliden Mineral. It is located in the historic 

mining district of Bergslagen adjacent to the village of Garpenberg in the county of Dalarna, 

central Sweden. Figure 1 shows the location of the mine represented by the yellow pin. 

Today, the mine employs around 420 persons of which around 320 is employed by Boliden 

Mineral and around 100 are employed by subcontractors. The mine is the largest private 

employer in the community of Hedemora (Boliden, 2011). 

 

 
Figure 1: Location of the Garpenberg mine in the Bergslagen area (www.kartor.eniro.se, accessed May 26, 2012). 

 

With a documented history of mining dating back to the 13
th

 century, the Garpenberg mine is 

the oldest mine in operation in Sweden today. However, C-14 evidence suggests that mining 

was conducted already around the year 800. Boliden acquired the mine in 1957 and have been 

developing the operation since with several new findings of deposits increasing the mineral 

reserves considerably (Boliden, 2011). Before the year 2001, the mine was actually two 

mines; Garpenberg and Garpenberg norra (north) with one common concentrator. Since 2001-

02, the two mines are joined together through a 3 km long drift on the 900 meters level of 

Garpenberg North to the 800 meters level of Garpenberg. This drift also connects to the 

Lappberget orebody located between Garpenberg and Garpenberg North. With completion of 

the connecting drift, the operation is managed and operated as one single mine (Atlas Copco, 

2007). The industrial area of the current mine is illustrated in Figure 2. 
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Figure 2: Aerial photo of the industrial area in the Garpenberg mine (www.boliden.com, accessed May 16, 2012). 

 

The Garpenberg mine comprises six separate ore bodies: Strandmalmen, Dammsjön, 

Lappberget, Kaspersbo, Gransjön and Garpenberg North. The Strandmalmen orebody is 

mined out while the Gransjön orebody along with the main orebody in Garpenberg North are 

almost depleted. The Dammsjön-, Lappberget- and Kaspersbo orebodies are the important 

ones for the future mining operations together with the Kvarnberget orebody, which is part of 

the strategic plan for the future, see also Figure 3. The mineralization in Garpenberg is often 

referred to as a “complex ore”, containing zinc, copper, lead, gold and silver (Boliden, 2011). 

 

The modern mining started in 1908 when the Ryllshyttan concentrator was built. At first the 

mine was an iron mine, but nowadays the minerals extracted are zinc, copper, lead, gold and 

silver. In 1972, the new mining field Garpenberg North (Garpenberg norra) was taken into 

production and in 2007 a new paste fill factory was built. The fourth generation concentrator 

will be built and taken into production in the year 2013 (Boliden, 2011). The zinc and lead 

concentrate is shipped out from the port of Gävle with destination to either Kokkola in 

Finland or Odda in Norway. The copper, gold and silver concentrate is transported on railway 

to the smelter in Rönnskär. 

 

The ore is hoisted in two hoisting shafts; the Gruvsjö shaft with an annual capacity of 0.45 

Mton and the Garpenberg North shaft with an annual capacity of 0.85 Mton. The old Lina-

hoisting shaft is nowadays only used for personnel and materials transport. Garpenberg North 

also includes a 1:7 ramp down to the 1000 meters level (Atlas Copco, 2007). 

 

http://www.boliden.com/
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Figure 3: The ore bodies and infrastructure of the Garpenberg mine (Danielsson, 2011). 

 

The expansion of the operation decided in 2011 will increase the annual ore production from 

today’s 1.4 Mton to 2.5 Mton and is also named “Garpenberg 2.5”. The expansion is planned 

to be completed by the end of the year 2015 and will cost 3.9 billion SEK. The “Garpenberg 

2.5” expansion is estimated to decrease the production cost per ton by approximately 25 %. It 

includes a new industrial area in Garpenberg North with new shafts and underground 

facilities, a new concentrator and new infrastructure. As a result of the expansion, the mine 

life will increase and is now estimated to the year of 2030 (Boliden, 2011). 

 

The mining method in Garpenberg has traditionally been cut-and-fill. The stopes are filled 

with waste rock, plain- or cemented tailings. In recent years, rill mining and transverse 

primary/secondary sublevel stoping with delayed backfilling has been used in the Dammsjön 

orebody and the Lappberget orebody, respectively. A new paste fill plant has been built to 

supply the sublevel stoping areas with paste backfill. 

 

2.2. The Dammsjön Orebody 

2.2.1. Local Geology 

The Dammsjön orebody is, in the area of the rill mining site, approximately 600 meters long, 

8 meters wide and steeply dipping with an approximate dip of 85˚ towards NW. The geology 

in the area of interest consists of the almost vertical orebody surrounded by limestone on the 

hangingwall side and a quartzitic rock type on the footwall side. The ore is a complex pyrite 

ore of varying strength. Presence of talc, chlorite, flogopit shale and mica has a negative 

influence on the mechanical strength of the ore (Nyström, 2010). 

 

The limestone, on the hangingwall side, is average grained to fine grained and white to 

salmon pink in its color. The mechanical strength of the limestone is moderate to high. It has 

been metamorphically recrystallized to become marble-like. Close to the ore zone, the 

limestone has been transformed into a dolomite which is fine grained and always white. In 
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this region, talc-rich transformations are commonly found. The dolomite is the host rock for 

the ore (Fagerström, 2007). 

 

The footwall side of the ore consists of a quartzitic rock containing quartz together with other 

minerals such as mica. The mechanical strength of the quartzitic rock is less than for the 

limestone (Fagerström, 2007). 

 

The contact zone between the ore and the limestone is well defined, weak and contains talc, 

while the contact zone between the ore and the quartzite is vaguer. However, this contact is 

also weak and often with presence of soft minerals like chlorite and talc (Nyström, 2010). 

 

2.2.2. Rill Mining in the Dammsjön Orebody 

The orebody is divided into three separate mining areas. Figure 4 shows the three areas from 

above, where the area in the middle is chosen to be the trial area for rill mining. 

 

 
Figure 4: Trial site for Rill Mining in the Dammsjön-orebody (seen from above) (After Nyström, 2010).  

 

In the trial area for rill mining, the orebody is approximately 8 meters wide. Each drift is 

approximately 5 meters high and 8 meters wide. The rill bench between the drifts is about 10 

meters high, making each rill mining level 20 meters high (including two drifts and the bench 

between). Figure 5 illustrates the dimensions of the rill mining operation. 

 

North 

Rill Mining 
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Figure 5: Dimensions of the rill mining in Dammsjön. 

 

One level in the middle section of the orebody has been chosen to be the first trial site of rill 

mining. The top drift is located on 741 meters level, while the lower drift is located on 757 

meters level, according to Figure 6. One level of rill mining has been mined out below the 

current rill mining level. 

 

 
Figure 6: Geometry of the orebody. 

 

The blast rounds for both the top- and the lower drifts are illustrated in Figure 7 and Figure 8, 

respectively. The drift on the 741 meters level is divided into one center excavation, eight 

blast rounds to the left and ten blast rounds to the right. The drift on 751 meters level is 

divided into one center excavation, eight blast rounds to the left and twelve blast rounds to the 

right. 
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Figure 7: Blast rounds in the top drift at 741 meters level. 

 

 
Figure 8: Blast rounds in the lower drift at 757 meters level. 

 

2.2.3. Reinforcement 

The production drifts of the rill mining operation are reinforced to create a safe working 

environment. Shotcrete together with resin grouted rebars ensures the stability of the drifts. In 

difficult areas shotcrete arches are added. The bolts are installed in a 1 by 1 meter fan like 

pattern in the walls and the roof according to Figure 9. Installation is performed after each 

blast up to 0.5 meters from the face. 

  

 
Figure 9: Bolt pattern in production drifts. 
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2.7 meters ø25 mm resin grouted rebars are used where one meter of rebar, closest to the 

roof/wall is kept ungrouted, while the remaining 1.7 meters is grouted with resin grout, see 

Figure 10.  

 

 
Figure 10: The resin grouted rebar used in the Dammsjön orebody. 

 

2.2.4. Monitoring 

Four monitoring profiles are located on the 757 meters level. These profiles include the points 

where total station monitoring of bolt heads was performed. Two profiles are located to the 

left: 1V and 2V (V is for Vänster, which means left in Swedish) and two profiles are located 

to the right: 1H and 2H (H is for Höger, which means right in Swedish). The locations of the 

profiles are illustrated in Figure 11. 

 

 
Figure 11: Location of monitoring profiles on level 757. 

 

Profile 1V is located in the middle of the second blast round to the left while profile 2V is 

located in the middle of the third blast round to the left. Profile 1H is located just inside the 

second blast round to the right, while profile 2H is located two thirds into the fifth blast round 

to the right. A map of each blast round and the location of the monitoring profiles in the 3D 

model is also shown in Figure 29. 

 

Within the monitoring profiles, deformation of both the roof and the walls were monitored 

with total station on each bolt head in the profile. Back leveling (the elevation of the 

monitoring points with respect to a point considered fixed, often a point inside an access drift 

away from the orebody) was done on bolts anchored both on the surface and on bolts 

anchored 2.7 meters into the center of the roof. The same applies for the convergence 

measurements of the walls. The method is illustrated in Figure 12. 

Profile 2V 

Profile 1V 

Profile 2H Profile 1H 
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Figure 12: Monitoring profiles. 

 

2.2.5. Failure in the Rill Bench 

Mining with the rill mining method in the conditions present in the Dammsjön orebody is 

preferably performed with yielding rill benches as the mining progresses. It is important that 

the failure does not result in collapse of the rill bench, but rather yielding of the ore to the 

degree where the rill bench is destressed before mining. Destressed rill benches prior to 

mining result in less disturbance to the rock mass during excavation of the rill bench 

compared to mining of intact rill benches. 

 

Within the test of the rill mining method in the Dammsjön orebody, a collapse of the rill 

bench occurred. Figure 13 illustrates the sequence of events leading to the failure. The first 

blast was shot in the lower drift, 757 meters level, on April 5, 2011. Excavation of the lower 

drift continued until June 7, when the first blast was shot in the top drift at 741 meters level. 

At this point most of the lower level was completed (15 blasts taken out) with only 5 more 

blasts to shoot. The two drifts were now driven parallel until June 28, when the work was 

stopped due to safety reasons. Increased deformation rate had been noticed by the miners and 

the roof was planned to be reinforced further.  

 

The work was paused due to vacation until August 23, when reinforcement work was 

resumed on 757 meters level (a complete list of dates for each blast round may be found in 

Appendix 1). On August 30, the first bolt failures were noticed in the drift to the right at 757 

meters level. The bolt failures occurred approximately 5 – 10 meters ahead of the advancing 

face of the upper drift at 741 meters level. Failures of standard rebars had occurred 

sporadically since the excavation of the top drift began. At this point, the miners also noticed 

production water from the top drift flowing into the bottom drift. This might suggest 

fracturing of the rill bench between the drifts; hence it was starting to fail. On September 6, a 

large amount of failed rebar bolts were noticed both to the right and to the left in the mining 

area. In both cases the failed bolts were located at 757 meters level in front of the advancing 
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face of the drift on 741 meters level (Lehtola, 2012). Figure 14 shows marking of failed bolts 

in the area where the roof failure eventually occurred.  

 

 
Figure 13: Time line describing the important events of the failing rill bench. 

 

 
Figure 14: Failed bolts in the bottom drift at 757 meters level (Lehtola, 2012). 

 

The initiation of the failure of the rill bench between the drifts was firstly noticed on 

September 19 when some tons of rock collapsed from the roof. This failure occurred in the 

lower drift, at 757 meters level, to the right in the area and approximately vertically below the 

face of the top drift at 741 meters level. The failed rock reached approximately as far up as 

the ungrouted part of the bolts (Lehtola, 2012). The initial collapse is shown in Figure 15. 
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Figure 15: Initial collapse of bottom drift at 757 meters level (Lehtola, 2012). 

 

On September 26, the failure was progressing upwards and the area was again closed due to 

safety. By September 30 the failure had reached up through the whole rill bench between the 

drifts (Lehtola, 2012). Figure 16 illustrate the dimensions of the failure, while Figure 17 and 

Figure 18 shows the failure from the top- and bottom drift respectively.  

 

 
Figure 16: The failure at 741 – 757 meters level in the rill mining trial site. The planned drift left unexcavated due to 

the failure is marked with dashed lines (after Nyström, 2011). 

 

Failure 
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Figure 17: The failure seen from the top drift at 741 meters level (Lehtola, 2012). 

 

 
Figure 18: The failure seen from the bottom drift at 741 meters level (Lehtola, 2012). 

 

As seen in Figure 16, 35 meters of the bottom drift at 757 meters level still remained to 

excavate behind the failed roof. The solution chosen to continue the mining after the failure 

was firstly to fill the failed void with ore extracted from the drifts to the left on the 741 meters 

level. Next, a new accesses drift to the part of the orebody beyond the failure was excavated 

according to Figure 19. With the new access drift the rest of the orebody may be mined, still 

using rill mining (Nyström, 2011).  
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Figure 19: New access drift to the part of the orebody beyond the failure on 757 meters level (Nyström, 2011). 
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3. Rill Mining 

3.1. Method Description 
Rill mining is a version of cut-and-fill mining suitable for narrow, regularly shaped veins, and 

long, continuous and steeply dipping orebodies. Rill mining was first used in a large iron 

orebody in Austria in the 1960’s. The method needs high-grade ore to be economically viable 

but gives a fairly high extraction rate in return. Rill mining is flexible but needs rather 

competent ore and at least moderate to strong host rock together with a continuous supply of 

waste rock (Ayres da Silva et. al. 1996). Rill mining is in some parts of the world referred to 

as Avoca mining; however it will throughout this report be called rill mining. 

 

Rill mining involves two drifts along the orebody; see the top- and bottom drift in Figure 20, 

leaving a slice of ore (rill bench) between them. One or a few rows of vertical boreholes are 

firstly blasted at the end of the orebody to create an open slot between the drifts. The blasted 

ore is mucked by a LHD operating in the lower drift. Next, a few rows of inclined production 

holes are blasted and mucked. Once mucking is done, waste rock is backfilled from the upper 

drift before the next blasting sequence is done (Hustrulid, 2001). The waste backfill will be 

stable at approximately 60-70˚ slope angle due to compaction when blasted against. The 

backfill forms a “rill” down into the draw point. The stable, steep slope prevents dilution of 

the blasted ore (Atlas Copco, 2007). The purpose of the backfill is twofold; (i) support for the 

open stopes and (ii) disposal of waste rock. This cycle is continued retreating backwards until 

the whole level is mined and backfilled. All production drilling may be completed before the 

actual mining begins (Hustrulid, 2001). 

 

 
Figure 20: The rill mining operation (after Atlas Copco, 2007). 

 

In the next phase, a new upper drift is extracted above the existing drifts. The previous upper 

drift now becomes the lower drift in the new sublevel according to Figure 21. This way the 

mining continues upwards.  
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Figure 21: Sequencing in rill mining (Hustrulid, 2001). 
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3.2. Rock Mechanical- and Ground Control Aspects of Rill Mining 
The rill mining method provides a number of rock mechanical challenges. The first test of rill 

mining in the Garpenberg mine showed stress-related failures in the rill bench between the 

upper- and lower drift.  

 

According to Rådberg (1993), the highest stresses is expected to be found in the lower corner 

of the rill bench in the position where half of the bench has been mined, thus the front being 

the farthest from the sidewalls of the stope. The stress in the roof or the upper drift is expected 

to be lower than the stress in the lower corner of the sublevel (Rådberg, 1993). Furthermore, 

Rådberg (1993) suggested failure of the hangingwall when too large open stopes are left 

unsupported. Each blast round should be as short as possible. When the thickness of the 

orebody is large, failures of the roof are noticed. 

 

Rådberg (1993) gives estimations about rill mining in situations with more competent host 

rock. Suggested failure modes include compressive failures of the corners of the rill bench 

and the roof of the stope. The stress induced failures will first occur in the corners of the rill 

bench, followed by the roof of the stope. Reinforcement of the roofs, both in the upper- and 

lower drifts, is likely needed to ensure safe working conditions for the miners. 

 

Rådberg (1993) gives the following design recommendations for rill mining: 

 The dip of the orebody must be steeper than the angle of repose of the backfill for the 

backfill to give a supporting effect to the hangingwall. 

 The width of the orebody should not exceed the recommended width in conventional 

overhand cut-and-fill mining. 

 The length of each blasting round is governed by the quality of the host rock. Low 

strength host rock may cause punching of the ore into the host rock at the mining front 

or failures in the hangingwall due to exceeding the self-carrying capacity by too large 

area of exposed, unsupported rock. While in situations with competent host rock, 

hangingwall failures may be a result of too large area of exposed, unsupported rock. 

The way of avoiding hangingwall failures is to shorten the blast rounds as much as 

possible. 

 The recommended height of each sublevel is governed by the strength of the host rock 

together with the length of the open stope and the length of each blast round. The 

height of the first sub level may be larger than the following sublevels due to the lower 

stresses in the corners of the first sub level. 

 The demand for reinforcement is governed by the quality of the host rock and the 

failure modes anticipated. The reinforcement should be installed in the upper and 

lower drifts and should be designed for the conditions at the mining front. 

 Smooth blasting should be applied to avoid damaging the sidewalls, both while 

excavating the production drifts and in the production. 

 

One of the most challenging stages in rill mining is the sill pillar design. A sill pillar is a slice 

of ore left behind when one level of rill mining reaches up to a previously mined area, 

according to Figure 22. The sill pillar is left behind for stability reasons as support for the 

stope walls (Sjöberg, 1993). Because the sill pillars consist of ore, the size of the pillar is kept 

as small as possible, without jeopardizing stability. Sill pillars of a height equal to the width 

of the orebody are usually left behind between the mining levels in the Garpenberg mine. 
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Figure 22: Sill pillar in rill mining (Sjöberg, 1993). 

  



18 

 

4. Site Data 

4.1. Intact Rock 
Intact rock properties were determined through logging of drill cores from the area of interest 

along with investigations of free rock surfaces in the existing drifts. Tabulated values were 

also used for certain parameters. 

4.1.1. Core Logging 

The part of the Dammsjön orebody being investigated contains five exploration boreholes 

with corresponding cores to investigate, located according to Figure 23. The parameters 

evaluated were rock type, density, Geological Strength Index (GSI), index strength testing 

according to the ISRM index system (Brown, 1981) and rock quality designation (RQD). 

 

The index strength testing includes estimation of the R-value which is a rough estimation of 

the compressive strength of a rock type. The rock sample of interest is assessed according to 

Table 1 with the help of the thumb nail, a pocket knife and a geological hammer (Brown, 

1981). 

 

 
Figure 23: Location of the exploration boreholes with respect to the contures of the production drifts in the rill mining 

operation at 741- and 757 meters level. 
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Table 1: Index strength testing according to Brown (1981). 

Grade Description Field identification Approximate range of 

uniaxial compressive 

strength [MPa] 

R0 
Extremely 

weak rock 
Indented by thumbnail 0.25-1.0 

R1 
Very weak 

rock 

Crumbles under firm blows with 

point of geological hammer, can be 

peeled by a pocket knife 

1.0-5.0 

R2 Weak rock  

Can be peeled by a pocket knife 

with difficulty, shallow indentations 

made by firm blow with point of 

geological hammer 

5.0-25 

R3 
Medium 

strong rock 

Cannot be scraped or peeled with 

pocket knife, specimen can be 

fractured with single firm blow of 

geological hammer 

25-50 

R4 Strong rock 

Specimen requires more than one 

blow of geological hammer to 

fracture it 

50-100 

R5 
Very strong 

rock 

Specimen requires many blows of 

geological hammer to fracture it 
100-250 

R6 
Extremely 

strong rock 

Specimen can only be chipped with 

geological hammer 
>250 
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Three different rock types were identified: ore, hangingwall limestone, and footwall quartzite. 

 

Core logging was done for five boreholes covering the rill mining area: no. 1978, no. 1880, 

no. 1971, no. 1918 and no. 2009. The result from the logging is presented in  

Table 2 through Table 6. Summarized data, used as input to the numerical model, are shown 

in Table 7. 

 
Table 2: Mapping result of borehole 1978. 

Bore hole 

no. 

1978 

Location Hangingwall Ore zone Footwall 

Drill core 

running 

meter 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

0 55 55 84 - - 

Rock type Limestone / 

Calcite / Dacit 

Ore, core split for 

sampling 

- 

R-value R4, With 3 thin 

layers of R3, and 

some three 

meters of R5 

close to the ore. 

Generally R4, 

with thinner 

layers of R3 here 

and there. 

- 

GSI - - - 

 
Table 3: Mapping result of borehole 1880. 

Bore hole 

no. 

1880 

Location Hangingwall Ore zone Footwall 

Drill core 

running 

meter 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

0 156.9 156.9 218 218 225 

Rock type Limestone with 

some quartz dikes 

Ore. good 

quality, some 

biotite 

Heavily jointed. 

Joint Spacing < 

20 mm 

R-value Generally R4, 

with some R2-5 

R4 R4 

GSI 30-50 until 108 

m, then 65-75 

until ore 

- 25-35 
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Table 4: Mapping result of borehole 1971. 

Bore hole 

no. 

1971 

Location Hangingwall Ore zone Footwall 

Drill core 

running 

meter 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

0 75.8 75.8 119.9 119.9 134.5 

Rock type Limestone, Good 

rock 

    

R-value R4 R4, with some 

R3-5 

R4 

GSI 70-80 50-60 55-65 with one 

crushed zone of 

20-30 

RQD 90-100 - 68-87 and 0 in 

the crushed zone 

 
Table 5: Mapping result of borehole 1918. 

Bore hole 

no. 

1918 

Location Hangingwall Ore zone Footwall 

Drill core 

running 

meter 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

0 175.2 175.2 204.9 204.9 226.2 

Rock type Limestone, good 

quality 

Good quality, 

some biotite 

Good rock mixed 

with biotite and 

crushed zones 

R-value Generally R4, 

some R3 far away 

from ore 

R4 R3-4 

GSI 70-80 close to 

ore, 55-75 further 

away, one zone 

of 35-45 far away 

from the ore 

Generally high Low, 35-45 close 

to ore, 15-25 

further away 
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Table 6: Mapping result of borehole 2009. 

Bore hole 

no. 

2009 

Location Hangingwall Ore zone Footwall 

Drill core 

running 

meter 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

Start 

[m] 

End 

[m] 

0 79.35 79.35 104.2 104.2 110.7 

Rock type Limestone, good 

quality, some ore 

between 53-58 m, 

some biotite/talc 

close to ore (58-

79m) 

First half good 

quality, second 

half lower 

quality, talc 

Quartzite, good 

quality 

R-value R4, R3 close to 

ore 

R4 R4 

GSI High (70-80) far 

away, lower close 

to the ore 

65-75 and 40-50 65-75 

 
Table 7: Summary of performed core logging. 

Summary Hangingwall Orebody Footwall 

Rock type Limestone of 

good quality 

Good quality 

with sections of 

biotitic/talc rock 

Quartzite of good 

quality mixed 

with sections of 

heavily 

jointed/crushed 

rock 

R-value R4, 50–100 MPa R4, 50–100 MPa R4, 50–100 MPa 

GSI 65-80 50-65 35-45 

 

4.1.2. Schmidt-Hammer Tests 

Testing of free rock surfaces were conducted with a Schmidt-hammer. The Schmidt hammer 

is a tool initially developed by E. Schmidt in 1948 for compressive strength testing of 

concrete. The hammer may however be used also for testing of rock surfaces. The tests are 

based on a spring-loaded mass impacting the rock surface. The hammer hits the surface with a 

defined energy and the rebound value is then registered by the hammer. The rebound value 

represents the hardness of the rock and can be translated into the uniaxial compressive 

strength of the rock through empirical relationships (Viles et al., 2010). 

 

The hammer used in these tests is a type L-9 hammer which applies 0.735 Nm of impact 

energy which is three times lower than in the standard, type N hammer. The type L hammer is 

often used for testing of weak rock. The rebound value is influenced by gravity, thus the test 

angle, αs, relative to the horizontal plane is important to notice. The rebound value is 

corrected with respect to the test angle (Viles et al., 2010). 

 

Schmidt hammer tests have been conducted on free rock surfaces within the production drift 

and the new access drift on the 757 meters level. Two types of rock were available for 
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Schmidt hammer tests: hangingwall limestone (both in the production drift and in the new 

access drift) and footwall quartzite (inside the production drift). No free surfaces of ore were 

available for testing.  

 

The number of tests varied with the different locations: 17 test strikes of the hammer in the 

limestone inside the production drift, 21 test strikes in the limestone inside the new access 

drift and 24 test strikes in the quartzite inside the production drift. All Schmidt hammer tests 

were performed horizontally, i.e. on vertical surfaces. Thus, the test angle, αs was in all cases 

equal to 0˚.  

 

Two relationships for calculation of the compressive strength of the rock were proposed by 

Lundman (2005); the log- and the ln-relationships. The mean value of the five highest 

rebound values is calculated for each rock type, according to the suggested method by 

Lundman (2005): 

 

   (   )                   
or: 

  (   )                
 

where 

JCS is the Joint Compressive Strength [MPa] 

ρg is the unit weight of the rock mass [kN/m
3
] 

Rr is the corrected mean rebound value 

 

The result is shown in Table 8. 

 
Table 8: Uniaxial compressive strength of the host rock. 

  

Hangingwall 

limestone 

Hangingwall limestone, 

new access drift 

Footwall, 

quartzite 

Rr 50.5 42.8 48.4 

JCS (log) 

[MPa] 156.3 102.8 139.5 

JCS (ln) [MPa] 65.2 38.7 56.6 

 

The uniaxial compressive strength is thus estimated to be in the interval of 39 to 156 MPa for 

the hangingwall limestone and 57 to 140 MPa for the footwall quartzite. The result indicates 

that the compressive strength of both the hangingwall limestone and the footwall quartzite is 

approximately within the same range of magnitude, but with large variation within each rock 

unit. 

 

4.1.3. Limestone Properties 

According to laboratory tests performed by Nilssen (2004), the tested limestone has a density 

of 2714 kg/m
3
, Young’s modulus of 55 GPa, Poisson’s ratio of 0.17 and uniaxial compressive 

strength of 73 MPa. The wave propagation velocity is 4217 m/s within the rock mass (P-

wave). The drill cores tested had a diameter of 62mm and a length- diameter ratio of 2.5. 
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4.1.4. Tabulated Parameters 

Parameters needed to be estimated through tabulated values include the intact rock parameter 

(mi), the disturbance factor (D) for all rock types, together with the Young’s modulus for 

intact rock (Ei) for the ore and the quartzite. 

 

The intact rock parameter, mi, values are assumed according to Rocscience (2007) and are 

listed in Table 9.  The ore is assumed to have the same intact rock parameter as the quartzite. 

 
Table 9: Estimated values of mi by rock type (Rocscience 2007). 

Rock type Intact rock parameter mi 

Limestone, sparitic 10±5 

Quartzite, ore 20±3 

 

The disturbance factor, D, was set to 0. This represent minimal disturbance due to well 

performed blasting (Rocscience 2007). The Young’s modulus of the intact rock was estimated 

according to Rocscience (2007). Table 10 lists the estimated values.  

 
Table 10: Estimated values of Ei by rock type (Rocscience 2007). 

Rock type Young’s modulus, Ei [MPa] 

Limestone 55000 

Quartzite, ore 28125 

 

4.1.5. Dilation Angle 

The dilation angle of the rock mass was estimated according to suggestions made by Vermeer 

et al. (1984) and Hoek et al. (1997). Vermeer et al. (1984) reported the dilation angle of dense 

sand to be 12˚– 15˚, 15˚
 
for granulated marble and generally 12˚ - 20˚ for rock. For extremely 

large cell pressures, dilation angles of 6˚ - 9˚ were obtained. An estimation was made that the 

dilation angle is approximately between 0˚ and 20 ˚ for soil, rock and concrete and that the 

dilation angle is at least 20˚ less than the friction angle. 

 

Hoek et al. (1997) reported that the dilation angle can be estimated on the basis of the GSI-

value of the rock mass: 

 For GSI of 75, the dilation angle is 25% of the friction angle of the rock mass, 11˚ - 

16˚ 

 For GSI of 50, the dilation angle is 12.5% of the friction angle of the rock mass: 6˚ - 

8˚ 

 For GSI below 30, the dilation angle is 0˚ 

 

The estimation of the dilation angle is presented in Table 11. The friction angle used for 

estimations of the dilation angle was an initial estimation before calibration of the model. The 

dilation angle based on the GSI of each rock type was used as input data to the numerical 

model. 

  



25 

 

Table 11: Estimated dilation angle according to an initial estimation of friction angle. 

 Limestone Ore Quartzite 

Friction angle [˚] 39.2  39.5 32.5 

Dilation angle, f( -20˚) 19.2 19.5 12.5 

GSI 72 57 40 

Dilation angle, f(GSI) 9.8 4.9 4.1 

 

4.2. Rock Mass Properties 

4.2.1. Geological Strength Index, GSI 

The basic inputs to the GSI are the interlocking properties of rock pieces together with the 

quality of the joint surfaces (Marinos and Hoek, 2000). Figure 24 shows the chart used when 

assessing the GSI. 

 

The GSI system provides a method for the rock mass to be considered a mechanical 

continuum while still not disregarding the influence of geology on its properties. The rock 

mass is assumed to contain enough randomly oriented discontinuities to behave as an 

isotropic mass. The GSI-system is suitable for describing complex rock mass behavior and is 

especially suitable for determination of in data for numerical modeling. The system is 

developed for determination of rock mass properties, rather than for design of tunnel 

reinforcements and support (Marinos, 2005).  

 

The index is based on the lithology and structure together with the condition of the surfaces of 

the discontinuities. It is estimated through visual inspections of free surfaces, tunnel faces and 

drill cores. The most reliable source of information for determining the GSI-value is 

excavated surfaces since they are fresh and have not been exposed to weathering.  When 

examining excavated surfaces it is important to assess the undisturbed rock mass and “look 

behind” damages due to blasting or mechanical excavation. Borehole core examination is a 

good source of information. It is however important to remember that extrapolation has to be 

made to estimate GSI for a rock mass based on information from boreholes. Instead of a fixed 

value, an interval is often assigned to better represent the rock mass (Marinos, 2005). 

 

The GSI value was then used in empirically developed equations together with the uniaxial 

compressive strength of intact rock, σci, and the petrographic constant, mi, to estimate the 

mechanical properties of the rock mass, in particular the compressive strength, σcm, and the 

Young’s modulus, E, of the rock mass. 
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Figure 24: GSI chart suitable for general rock mass types (Hoek et al. 1997). 
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4.3. In Situ Stresses 
In situ stresses for the model were determined from overcoring measurements conducted by 

SINTEF Bygg og miljö in March 2004. Table 12 lists the measured principal stresses with 

their corresponding orientation. The measurements were performed in the Garpenberg North-

mine on the 883 meters level (Nilssen, 2004). The results were assumed to be valid also for 

the Dammsjön orebody. 

 
Table 12: In situ stress state. 

Stress  [MPa] Trend [°] Plunge [°] 

σ1 = σH 45.2 126.5 12.2 

σ2 = σV 23.8 242.1 63.4 

σ3 = σh 20.2 31.2 23.2 

 

Based on Nilssen (2004), it was assumed that the principal stresses were acting perpendicular 

and parallel to the orebody strike, respectively. The orientation of the major principal stress 

with respect to the strike of the orebody is illustrated in Figure 25. 

 

 
Figure 25: Orientation of the major principal stress with respect to the strike of the orebody. 

 

The assumed directions of the principal stresses are confirmed by observations in a vertical 

ventilation shaft located 120 meters beside the Dammsjön orebody. Spalling in the ventilation 

shaft (see Figure 26) indicates the direction of the major principal stress to be perpendicular to 

the strike of the orebody. (Nyström, 2012) 

 

North 

1 (trend = 126.2) 
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Figure 26: Spalling inside the ventilation raise nearby the Dammsjön orebody (Nyström, 2012). 
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5. Model Description 

5.1. General 
Two numerical models were constructed to evaluate the rill mining operation: (i) a two 

dimensional (2D) plastic model using FLAC and (ii) a three dimensional (3D) plastic model 

using FLAC
3D

. FLAC and FLAC
3D

 are numerical codes provided by Itasca Consulting Group 

Inc. FLAC is short for Fast Lagrangian Analysis of Continua. Within this project, FLAC 7.0 

and FLAC
3D

, 64-bit, Version 4.00 were used for the analyses.  The codes are developed for 

advanced analysis of rock- and geomechanical problems in two- and three dimensions, 

respectively. The codes also provide the possibility to include structural support. FLAC is 

designed for analyzing, testing and designing geotechnical engineering projects where 

continuum behavior can be assumed. However, a few discontinuities accounting for both slip 

and/or separation may be included to represent faults, joints or frictional boundaries (Itasca, 

2011 and Itasca, 2012). 

 

FLAC is based on an explicit finite difference formulation which makes it especially 

appropriate for analysis of problems consisting of several stages, large displacements and 

strains, non-linear material behavior and unstable systems. Even large scale yield/failures or 

total collapses may be analyzed. 

 

FLAC was chosen because: 

i. Discontinuities such as joints were not judged to be controlling the deformation and 

failure within the rill mining area, except for the two contact zones between the 

orebody and the host rock on either side. These contacts are planes of weakness 

where sliding may occur and may be handled by FLAC.  

ii. A continuum model is, compared to a discontinuum model, generally faster to 

calculate. The time aspect was important because the calibration work required many 

calculations of the model with different material properties.  

iii. FLAC enables solving problems with plastic material parameters.  

iv. FLAC is suitable for this kind of problems where the excavations are performed in 

steps. 

 

5.2. Assumptions 
To be able to model the rill mining operation, several assumptions had to be made. The 

following assumptions apply for the model: 

 The orebody orientation was constant. 

 The inclination of the orebody was considered vertical (dip of 90°). 

 The thickness of the orebody was considered constant over the whole length. 

 The in situ stress state measured in Garpenberg North was assumed to be valid also for 

the Dammsjön orebody 

 The major principal stress was considered to be acting perpendicular to the strike of 

the orebody. 

 The geometry of the drifts was considered rectangular shaped and constant throughout 

the orebody. 

 The effect of the new access drift to the rill mining area was disregarded. 

 The material properties were considered homogeneous within each of the rock types. 

 The geomechanical sign convention has been used throughout this report. However, in 

FLAC plots compressive stresses are negative 
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 The shotcrete and shotcrete arches used in the real case were not included in this 

model. 

 Constitutive models assumed to apply for the materials were perfectly plastic (Mohr-

Coulomb) for all rock types, along with a strain softening model for the ore for some 

cases. 

 

5.3. Coordinate System 
The coordinate system of the 3D model is oriented according to Figure 27. The 2D model 

contains only X- and Y-directions which corresponds to the X-Z plane of the 3D model. 

 

 
Figure 27: The orebody seen from above with corresponding coordinate axes of the models. 

 

5.4. Modeling Stages 
Common to both the 2D- and the 3D model are the stages of mining. The modeling procedure 

can be divided into two major groups:  

i. Mining performed prior to (below) the rill mining level in focus of this investigation 

(here called pre-mining). Stage 1 through stage 3 in Figure 28 illustrates the pre-

mining stage. 

ii. Rill mining. The rill mining operation in focus of this investigation. Stage 4 through 

stage 6 in Figure 28 illustrates the rill mining stage. 

 

The pre-mining stage is the mining performed prior to the rill mining studied. It consists of 50 

meters of cut-and-fill mining between the 827 meters level and the 777 meters level. On top 

of that is 9 meters of rill mining between the 777 meters level and the 768 meters level, 

underlying 11 meters of cut-and-fill mining between the 768 meters level and the 757 meters 

level. The 757 meters level is also the floor level of the bottom drift in the rill mining 

operation. These 70 meters of previous mining was included in the model to account for the 
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redistribution of in situ stresses induced by the mining. These three mining sequences are 

each excavated in separate steps to let the stresses redistribute properly. Stage 1 through 3 in 

Figure 28 illustrates the pre-mining stage. 

 

 
Figure 28: Stages of mining in the Dammsjön orebody. 

 

Modeling of the rill mining operation was performed in detail when it comes to excavating 

the production drifts on 741- and 757 meters level; see stage 4 and 5 in Figure 28. However, 

the actual extraction of the rill bench (stage 6 in Figure 28) was not included in the model that 

was calibrated against the measured deformations of the test mining. This was because 

monitoring data was not available from this operation. Once the model is calibrated, the 

whole rill mining operation may be simulated.  

 

In the 2D model, the rill mining stages include excavation of the bottom drift at 757 meters 

level before excavation of the top drift at 741 meters level. In the 3D model, the excavations 

of the bottom and top drifts were performed in detail in accordance with the real mining 

operation. Each of the production drifts were divided into separate blasting rounds which 

were excavated in the order corresponding to the real excavation. The bottom drift was 

excavated in 21 separate blasts, while the top drift was excavated in 19 separate blasts. Figure 

29 illustrates the separate blast rounds represented in different colors. The first blast round in 

each drift is located in the center and is named 757_0 and 741_0, respectively. From here, 

further excavation continues in both directions along the strike of the orebody. A complete list 

of each blast round with corresponding date of excavation, together with the dates of 

monitoring can be found in Appendix 1. 
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Figure 29: Blast rounds in the driving operation. 

 

General for all modeling conducted was also the elastic-plastic approach of solving the 

models. Every model was firstly solved with elastic material properties, before they were 

solved with plastic material parameters. Once the model was subjected to a geometrical 

change, this procedure was repeated. This approach was used to prevent “shocking” the 

model when sudden changes of the geometry occur. 

 

The displacements of the model were reset during the modeling to separate the monitored 

displacements of each modeling event. The times of reset differ between the 2D- and the 3D 

model. In the 2D model, displacements were reset after each geometrical change of the 

model. In the 3D model, displacements were reset at three separate occasions:  

i. After the initial equilibrium, before any mining was done.  

ii. After completion of the pre-mining, before excavation of the bottom drift of the rill 

mining began.  

iii. After the excavation of blast round 757_2R which corresponds to the time in reality 

when the first measurements were performed (initial monitoring). 

 

5.5. Interfaces  
Interfaces may be used in FLAC and FLAC

3D
 to represent a surface on which grid points on 

either side may slip or separate with respect to each other. Interfaces may represent 

discontinuities such as joints, faults, bedding planes and/or contact zones between different 

materials (Itasca, 2009). 

 

The interfaces are characterized by a Coulomb sliding and/or tensile and shear bonding 

model. Properties of the interface include friction angle, cohesion, dilation angle, normal- and 

shear stiffness, and tensile strength, see Figure 30. 
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Figure 30 Mechanical properties of the bonded interface constitutive model 

 

The Coulomb shear strength criterion controls sliding within the interface: 

 
                 (       ) 

 

where c is the cohesion [Pa] along the interface 

 A is the area [m
2
] of the interface plane 

φ is the friction angle [˚] of the interface surface 

Fn is the normal force [N] applied to the interface 

p is pore pressure [Pa] (interpolated from the target face) 

 

Sliding occurs when a shear force, Fs exceeds the strength criterion, Fsmax: 

 

|  |        
 

5.6. 2D Model 

5.6.1. Geometry 

The geometry of the model was based on measurements conducted with total station inside 

the drifts of the first rill level. The 2D model is created in the numerical code FLAC (Itasca, 

2011). The 2D model is based on a cross-section in the middle of the 3D model. The zoning 

of the model is not graded, but divided into five areas with increasing zone density towards 

the area of interest. Figure 31 illustrates the zoning of the 2D model, along with the rock 

types. Zone density and dimensions of each area (A through E) of the model is listed in Table 

13.  

 
Table 13: Dimension and zone size for each group of the 2D model. 

Group Dimension [m] Zone size [m] 

A 280*280 8*8 

B 120*200 4*4 

C 48*80 2*2 

D 36*52 1*1 

E 24*40 0.5*0.5 
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Figure 31: Rock types and zoning of the 2D model. 

 

The pre-mining stage consists of one level of cut-and-fill mining (between the 827 and 777 

meters level), one level of previous rill mining (777 to 768 meters level) followed by another 

level of cut-and-fill mining (768 to 757 meters level) underneath the rill mining in focus of 

this thesis (757 to 746 meters level). In the pre-mining stage, 70 meters of ore was mined 

beneath the rill mining level investigated. The pre-mining stages are described in more detail 

in 5.4 Modeling Stages. 

 

5.6.2. Boundary Conditions 

The outer boundary was fixed in x- and y-direction for boundaries lying in the y- and x-plane, 

respectively (so-called “roller boundaries”). Figure 32 illustrates the boundary conditions of 

the model. 
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Figure 32: Boundary conditions. 

 

5.6.3. Monitoring 

The monitoring profile in the 2D model is illustrated in Figure 33. The figures within the 

brackets represent the name given to each point in the model. Additional monitoring of 

displacement within the bottom drift was performed in order to illustrate the deformational 

pattern. Six points at the boundary of each wall, together with 9 points at the boundary of the 

roof were observed with respect to displacement in the x-y plane. The information was 

translated into plots of the boundary together with displacement vectors for each of the points. 

The plot was fast to evaluate within the calibration process for comparison with actual 

monitoring data. An example is shown in Figure 34. 
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Figure 33: Monitoring profile in two-dimensions. 

 

 
Figure 34: Example of displacement vector plot showing the deformational pattern used for calibration of material 

parameters. 
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5.7. 3D Model 

5.7.1. Geometry 

The 3D model is an extension of the 2D model in the third dimension. A cross-section in the 

x-z plane in the center of the 3D model gives the same geometry as the 2D model. Figure 35 

shows the outer extent of the 3D model. 

 

 
Figure 35: Outer limits of the 3D model with dimensions x = 280 meters, y = 296 meters and z = 280 meters. 

 

The zoning of the model is not graded, but divided into five areas with increasing zone 

density towards the area of interest. Figure 36 and Figure 37 illustrates cross-sections of the 

3D model in the x-z plane and the y-z plane, respectively. The figures show the areas of ore, 

limestone and quartzite along with zone density. The areas of different zone density are 

marked and named A through E.  

Figure 36 also shows each material: ore, limestone and quartzite in separate colors, while 

Figure 37 shows each blasting round of the production drifts of the rill mining operation in 

separate colors. The external dimensions and zone size of each group is listed in Table 14. 

  



38 

 

Table 14: Dimension and zone size of each group. 

Group Dimensions [m] Zone size [m] 

A 280*296*280 8*8*8 

B 120*276*200 4*4*4 

C 48*176*80 2*2*2 

D 36*144*52 1*1*1 

E 24*120*40 0.5*0.5*0.5 

 

 
Figure 36: Vertical cross-section of the model lying in the x-z plane, with colors representing the three rock types. 
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Figure 37: Longitudinal cross-section of the model lying in the y-z plane, with colors representing each blast round of 

the production drifts of the rill mining operation. 

 

5.7.2. Boundary Conditions 

The boundary conditions of the 3D follow the same principle as for the 2D model. The outer 

boundary is fixed in; x-direction for surfaces lying in the y-z plane, y-direction for surfaces 

lying in the x-z plane and z-direction for surfaces lying in the x-y plane (so-called “roller 

boundaries”). Figure 38 illustrates the boundary conditions of the 3D model. 
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Figure 38: Boundary conditions of the 3D model. 

 

5.7.3. Monitoring 

Four monitoring profiles are included in the 3D model. The profiles are named 1V, 2V, 1H 

and 2H where V is for “Vänster” (left in Swedish) and H is for “Höger” (right in Swedish). 

The profiles are located within the bottom drift at 757 meters level at locations corresponding 

to reality. Figure 39 illustrates the location of the monitoring profiles. Each monitoring profile 

implemented in the model is composed of the eight monitoring points as shown in Figure 40. 

The numbers within the brackets represent the name given to each measurement in the 3D 

model, where the values of X represent each monitoring profile. X equal to 2 represent profile 

1V, X equal to 3 represent profile 2V, X equal to 4 represent profile 1H and X equal to 5 

represent profile 2H. Figure 11 shows the location of the profiles in the drift at the 757 meters 

level. 
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Figure 39: Locations of the four monitoring profiles (marked with white lines) within the bottom drift at 757 meters 

level.  

 

 
Figure 40: Profile of monitoring points in the numerical 3D model. 

 

5.8. Input Data 
The input data for the modeling was, as described above, determined through field 

observations and measurements together with drill core mapping. The required input data for 

the model include in situ stresses and material properties of the rock mass, contact zones 

between rock types and rock reinforcement. 

 

5.8.1. Estimation of Rock Mass Strength Parameters 

The data obtained through the drill core logging was used as input in the computer software 

RocLab, which is used for determining rock mass strength parameters based on the 

generalized Hoek-Brown failure criterion (Rocscience, 2007). Hoek-Brown material 
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parameters are determined and then translated into equivalent Mohr-Coulomb parameters 

over a given range of the minor principal stress (Hoek et al., 2002):  

 

              
 

Input data to RocLab include the uniaxial compressive strength of intact rock (σc), the 

geological strength index (GSI), the intact rock parameter (mi), the disturbance factor (D), the 

Young’s modulus for intact rock (Ei) and the maximum confining stress in the vicinity of the 

excavation (σ3, max). The desired output for use as in data in the numerical model includes the 

elastic constants and the plastic strength parameters of the Mohr-Coulomb material model; 

Young’s modulus for the rock mass (Erm), Poisson’s ratio (), cohesion (c), friction angle () 

and the tensile strength of the rock mass (σt). The Mohr-Coulomb constitutive model is a 

conventional model used for describing shear failures in rock and soil, see Figure 41 (Itasca, 

2009). 

 

 
Figure 41: Mohr-Coulomb yield surface in principal stress space (Itasca, 2009). 

 

The maximum confining stress, σ3, max, is initially estimated to 10 MPa. After the initial elastic 

analysis of the numerical model, σ3, max is set to the highest expected value surrounding the 

excavation for a radius of 1 meter. The maximum confining stress after the elastic analysis 

was found to be 8.2 MPa and was therefore used in the following calibration. 

 

The disturbance factor, D, is based on the disturbance of the rock mass induced by the 

excavation of the drift (Hoek et al. 2002). In all cases, the disturbance factor was set to 0, 

representing minimal disturbance due to well performed blasting. 

 

As bulk modulus, K,  and shear modulus, G, is used as in data in the numerical model, the 

Young’s modulus of the rock mass, Erm, and the Poisson’s ratio, , are converted with the 

following relationships:  

  

  
   

 (    )
 

 

  
   

 (    )
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The parameters used as input in RocLab, together with the output of RocLab used as initial 

material parameters in the numerical model is listed in Table 15. These values are used as a 

starting point for calibration of the model. 

 
Table 15: Input and output parameters in RocLab 

Roclab Ore Limestone Quartzite 

Input:       

σi [MPa] 75 75 75 

GSI 57 72 40 

mi 20 10 20 

D 0 0 0 

Ei [MPa] 28125 55000 28125 

σ3, max [MPa] 8.2 8.2 8.2 

Output:       

c [MPa] 2.94 3.72 2.27 

 [˚] 45.5 43.5 40.4 

σt [MPa] 0.147 0.908 0.041 

σc, H-B [MPa] 6.8 15.8 2.5 

σcm [MPa] 21.1 22.3 14.8 

Erm [MPa] 12719 42270 4490 

σc, M-C [MPa] 14.4 17.3 9.8 

        

𝒗 [-] 0.25 0.17 0.25 

Bulk modulus, K 

[MPa] 8479 21349 2993 

Shear modulus, G 

[MPa] 5088 18064 1796 

 

For elastic analyses, the plastic material parameters (cohesion and tensile strength) of both the 

rock mass and the interfaces are set to 1e20 Pa. These high values were used to ensure that no 

yielding was possible.  

 

5.8.2. Strain Softening Constitutive Model for the Ore 

A test was performed where the ore was simulated as a strain softening constitutive model. 

This was a way of trying to create a large failure in the rill bench due to excavation of the top 

drift. 

 

The strain softening model lets the material loose some of its strength (decrease of cohesion 

and friction angle) until a critical strain, εp is reached. After this point residual cohesion and 

friction angles apply. The critical strain, εp was estimated to 0.01. The relationship is 

graphically illustrated in Figure 42. 

 



44 

 

 
Figure 42: Softening behavior of the friction angle and cohesion (after Itasca, 2011). 

 

Two cases of residual ore strength were tested i) GSI = 50, σc = 50 MPa and ii) GSI = 30, σc = 

30 MPa. This corresponds to the values of cohesion and friction angle listed in Table 16 and 

Table 17. 

 
Table 16: Value of cohesion for the strain softening model of the ore. 

  GSI = 30, σc = 30 MPa GSI = 50, σc = 50 MPa 

 ε [-] c [MPa] c [MPa] 

cpeak 0 3.72 3.72 

cresidual (εp) 0.01 1.12 1.90 

 
Table 17: Values of the friction angle of the strain softening model of the ore. 

  GSI = 30, σc = 30 MPa GSI = 50, σc = 50 MPa 

 ε [-]  [˚]  [˚] 

 peak 0 43.5 43.5 

 residual (εp) 0.01 24.0 34.0 

 

5.8.3. Ore – Host Rock Contact Zones  

The contact zones (called interfaces in the model) between the orebody and the host rock on 

either side have properties which differ from the rock mass properties. The contact zones 

contain talc and may be considered as planes of weakness where shear movement, or slip may 

occur. The required properties of the contact between the ore and each host rock type include 

Young’s modulus, E, Poisson’s ratio, , normal stiffness, kn, shear stiffness, ks, cohesion, c , 

tensile strength, σt, friction angle,  and dilation angle, ψ.  

 

The friction angle of both contact zones are initially estimated to be 30˚, while the cohesion, 

tensile strength and dilation angle are set to 0. The following estimations of the normal- and 

shear stiffness were used after Hudson et al. (2011). 

 

Ore - Limestone interface: 
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Here Erm represents the rock material with the lower GSI. In this case, the ore is the rock 

material with the lower GSI. The width of the contact zone is estimated to be 0.1 meters. 

 

Ore-Quartzite interface: 

 

           ⁄                               
 

         ⁄  (    (   )⁄ )      ⁄  (    (   )⁄ )      ⁄
 (          (      )⁄ )    ⁄                 

 

Here Erm is representing quartzite, which is the material with the lower GSI. Table 18 lists the 

initial input parameters for the two interfaces. 

 
Table 18: Input interface properties. 

Interface: 

Interface 1: Ore - 

Quartzite 

Interface 2: Ore - 

Limestone 

Normal stiffness, Kn 

[MPa/m] 44900 127190 

Shear stiffness, Ks 

[MPa/m] 17960 50876 

Cohesion, c [MPa] 0 0 

Tensile strength, σt [MPa] 0 0 

Friction angle,  [˚] 30 30 

Dilation angle, ψ [˚] 0 0 

 

5.8.4. In Situ Stresses 

The in situ stresses applied to the model correspond to the in situ stress state at the site of the 

rill mining in the Dammsjön orebody. Table 19 and Figure 43 illustrate the in situ stress state 

in the 2D model, while Table 20 and Figure 44 illustrate the in situ stress state in the 3D 

model. 

 
Table 19: In situ stress state of the 2D model. 

Stress  [MPa] 

σx = σH 45.2 

σy = σV 23.8 

σz = σh 20.2 
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Figure 43: In situ stress state in the 2D model. 

 
Table 20: In situ stress state of the 3D model. 

Stress  [MPa] 

σx = σH 45.2 

σy = σh 20.2 

σz = σV 23.8 

 

σ
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= σ
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= σ
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 = 

20.2 MPa 
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Figure 44: In situ stress state in the 3D model. 

 

5.9. Reinforcement 
In FLAC

3D
, a rockbolt is represented by a pile defined by its geometric, material and 

coupling-spring properties. Figure 45 illustrates the mechanical characteristics of the fully 

bonded rockbolt. 

 

 
Figure 45: Mechanical properties of fully bonded reinforcement. (Itasca, 2009) 
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A pile is a straight segment of uniform, bisymmetrical cross-sectional properties lying 

between two nodal points. The pile is a combination of a beam and a cable. Piles interact with 

the grid by shear- and normal coupling springs. The springs transfer forces and motion 

between the pile and the grid at the pile nodes. Each pile has its own local coordinate system 

oriented in the longitudinal direction of the pile. Each coordinate system is defined by the two 

nodal points with a number of segments of pile in between (Itasca, 2009). 

 

The properties of the rock bolt can be divided into two groups; Shear coupling spring 

properties and Normal coupling spring properties. The shear coupling spring properties are: 

Shear stiffness, ks, cohesive strength, cs, friction angle, s and exposed perimeter, p. The 

mechanical normal coupling spring behavior between pile and grid is defined by these 

properties together with the confining stress, σm, according to Figure 46 (Itasca, 2009). 

 

 
Figure 46: Pile material behavior in shear direction. (Itasca, 2009) 

 

The normal coupling spring properties are: Normal stiffness, kn, cohesive strength, cn, friction 

angle, n, exposed perimeter, p and gap-use flag, g. The mechanical normal coupling spring 

behavior between pile and grid is defined by these properties together with the confining 

stress, σm, according to Figure 47 (Itasca, 2009). 
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Figure 47: Pile material behavior in normal direction. (Itasca, 2009) 

 

The properties of the bolts are divided into two parts: ungrouted properties and grouted 

properties. The properties assigned to the rockbolts are listed in Table 21.  

 
Table 21: Rockbolt properties. 

ID 1 (Ungrouted) 2 (Grouted) 

Length, L [m] 1.0 1.7 

Diameter, Dbolt [m] 0.025 0.025 

Exposed perimeter, p [m] 0.0785 0.0785 

Cross sectional area 0,0004909 0,0004909 

Second moment of Inertia, Iy & Iz [m
4
] 1.917e-8 1.917e-8 

Polar moment of inertia, J [m4] 3.83e-8 3.83e-8 

Young’s modulus, Ebolt [GPa] 200 200 

Poisson’s ratio, 𝒗bolt [-] 0.25 0.25 

Tensile strength [kN] 273.98 322.5 

Tensile failure strain, εg [%] 3.5 5 

Shear coupling spring stiffness Ks [GN/m/m] 0 9.62 

Normal coupling spring stiffness, Kn [GN/m/m] 0 9.62 

Shear coupling spring cohesion, Ss [kN/m] 0 707 

Normal coupling spring cohesion, Sn [kN/m] 0 707 

 

Failure of the rock bolt can occur in either the ungrouted- or the grouted part of the rebar. For 

the rill mining in Dammsjön, it was assumed that failure occurs in the ungrouted part at 35 

mm elongation with a failure load of 27.9 tons which corresponds to 273.61 kN. The 21.3 mm 

thread is the weakest point and thus where failure initiates.  

 

The grouted part is grouted with polymer resin grout manufactured by Minova, Poland, inside 

a 36 mm borehole. Stjern (1995) reports the tensile failure strain to be approximately 1 %. 

The ultimate load is 322.5 kN, while the response was linear up until 260 kN. A diagram from 

a pullout test of bolts is illustrated in Figure 48. 
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Figure 48: Pullout tests of 25 mm grouted rebars (Stjern, 1995). 

 

The stiffness and cohesion of the grouted bolts are obtained from Perman (2007) due to lack 

of information from the manufacturer of the resin grout. Typical mechanical strength 

properties of a resin grout are listed in Table 22 (DSI, 2008). 

 
Table 22: Typical mechanical strength properties of a resin grout (DSI, 2008). 

Property Strength 

Uniaxial compressive 

strength, UCS [MPa] 

87 

Tensile strength, σt [MPa] 22 

Unconfined shear strength 

[MPa] 
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5.10. Calibration of the Numerical Model 
The calibration work aims to make the model replicate the measured behavior of the rock 

mass. The calibration was the most important and also the most time consuming part of the 

thesis work. In order to obtain realistic and relevant results from the geometry analysis, the 

model had to be carefully calibrated. The same principle goes for calibration of both two- and 

three dimensional models. 

 

The method of the calibration is an observational one. One material parameter is altered at the 

time until the desired behavior of the model is reached. The material parameters that are 

calibrated can be divided into two parts: (i) parameters of the rock mass and (ii) parameters of 

the contact zone (interface) between the separate rock types. The desired behavior included 

(in the order of importance) deformation pattern, magnitude of deformations, relationship 

between the deformations, and sliding along the interfaces. 

 

The calibrated rock mass parameters include Geologic Strength Index, GSI and Uniaxial 

compressive strength, σc. The calibrated interface parameter is the friction angle, , of each 

interface. The rock mass parameters of the limestone are assumed to be known from tests 

performed by Nilssen (2004) and are kept constant while the ore parameters and the quartzite 

parameters are calibrated. For the interfaces, the properties of both the ore – limestone 

interface and the ore – quartzite interfaces were calibrated.  

 

Initially, a model including gravity was run to investigate the influence of gravity on the 

model behavior. Next, a sensitivity analysis was performed to determine how the model 
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reacted to alteration of each material parameter. This was followed by a more detailed 

calibration to reach the desired behavior.  

 

5.11. Analysis of Alternative Mining Geometries 
The geometric cases of the analysis were determined with respect to what geometries the 

mine expects to encounter in the future. The geometric cases of interest within the geometry 

analysis are illustrated in Figure 49. The width of the orebody was increased to 12 and 16 

meters, while the height of the rill bench was 10, 12 and 15 meters for each width. Yielding 

and stress redistribution for mining of four consecutive rill mining levels without underlying 

mining was also investigated, see Figure 50. This study was performed with similar geometric 

cases of the ore width and rill bench height as before.  

 

 
Figure 49: Geometric cases of investigation with a calibrated model. 
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Figure 50: Four consecutive levels of rill mining. 
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6. Results 

6.1. Failure of the Rill Bench 
The time of failure of the rill is important for the calibration of the model. The information 

available for assessing the actual time of the failure include measurements of deformation in 

the roof and the walls of the lower drift, 757 meters level, together with information regarding 

failures of bolts installed.  

 

The first blast was shot in the lower drift, 757 meters level, on April 5, 2011. Excavation of 

the lower drift continued until June 7, when the first blast was shot in the top drift at 741 

meters level. At this point most of the lower level was complete, 15 blasts taken out, with 

only 5 more blasts remaining. Up until this point, no problems were noted, neither regarding 

deformation rate or bolt failures, nor experienced by the miners working in the area (Lehtola, 

2012). 

 

The accumulated deformations within two points in each of the four monitoring profiles were 

used to establish trends of deformation. Figure 51 illustrates the accumulated deformations of 

each point. The measurement points were located on bolts in the middle of the roof within 

each monitoring profile; (i) anchored at the excavation boundary (named short in the figure) 

and (ii) anchored 2.7 meters up in the roof (named long in the figure). Two dates of interest 

could be identified:  

i. Firstly, around and after June 8, when the excavation of the top drift begins with the first 

blast round taken out, the deformation curves in the diagram shows a slight increase of 

deformation rate. This was also confirmed by Lehtola (2012), who states that the 

problems in the area start with excavation of the top drift at 741 meters level. From this 

point on, continuous bolt failures were registered in the lower drift at 757 meters level. 

ii. Secondly, after August 18, a significant increase of deformation rate can be noticed. All 

monitoring data shows a significant increase of deformation rate. 

 

The increased deformation rate noticed after August 18 indicates failure of the rill starting at 

this point.  
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Figure 51: Accumulated deformation measured on bolt heads in each monitoring profile. 

 

The relationships between the deformation of the roof and the walls in the bottom drift with 

respect to the horizontal distance to the advancing front of the top drift are illustrated in 

Figure 54 through Figure 56. The figures illustrate the deformation registered at all 

monitoring points at 757 meters level in each wall and the roof respectively in relation to the 

horizontal distance to the drift front at the 741 meters level. Explanations of how the distance 

is measured are illustrated in Figure 52 and Figure 53.  

 

 
Figure 52: Example of a negative horizontal distance between a monitoring profile at 757 meters level and the 

advancing face at 741 meters level. 
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Figure 53: Example of a positive horizontal distance between a monitoring profile at 757 meters level and the 

advancing face at 741 meters level. 

 

The distance is negative as long as the face has not passed vertically above the monitoring 

profile within the bottom drift. When the face is located vertically above the monitoring 

profile the distance is 0 meters. Once the face passes vertically above the monitoring profile 

the distance is positive. 

 

 
Figure 54: Roof displacement at 757 meters level with respect to the horizontal distance to the face at 741 meters level.  

 

Figure 54 illustrates every deformation measurements conducted on the bolt heads located in 

the roof of each monitoring profile. The figure indicates increasing deformation as the face of 

the top drift passes vertically above each monitoring profile in the bottom drift. This is also 

the belief of the miners working in the area.  The maximum magnitude of the displacement 

was of the order of 200 mm. 

 

0

20

40

60

80

100

120

140

160

180

200

-30 -20 -10 0 10 20 30

D
is

p
la

ce
m

e
n

t 
[m

m
] 

Horizontal distance to face at 741 meters level [m] 

Roof displacement measured on bolt heads at 
757 meters level 

2H-9

2H-10

2H-11

2H-12

2H-13

2H-14

2V-6

2V-7

2V-8

2V-9

2V-10

1V-8

1V-9

1V-10

1V-11

1V-12

1V-13

1H-9

1H-10

1H-11

1H-12

1H-13

 

Direction of excavation 741 meters level 

757 meters level 

Monitoring profile 

+10 meters 



56 

 

 
Figure 55: Limestone wall displacement at 757 meters level with respect to the horizontal distance to the face at 741 

meters level. 

 

Figure 55 illustrates deformation measurements conducted on the bolt heads located in the 

limestone wall of each monitoring profile. The figure indicates a linear relationship between 

the limestone wall displacement and the horizontal distance between each monitoring profile 

and the face of the drift above. The maximum magnitude of the displacement for the majority 

of the bolt heads (with some deviations) was in the order of 20 – 30 mm.  
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Figure 56: Quartzite wall displacement at 757 meters level with respect to the horizontal distance to the face at 741 

meters level. 

 

Figure 56 illustrates deformation measurements conducted on the bolt heads located in the 

quartzite wall of each monitoring profile. The figure indicates an almost linear relationship 

between the quartzite wall displacements and the horizontal distance between the monitoring 

profile and the face of the drift above, although with some scatter. The maximum magnitude 

of displacement is of the order of 60 mm for the majority of the bolt heads. 

 

The results may be summarized as follows: 

 The figures indicate increased deformation rate as the face of the top drift passes 

vertically above each monitoring profile.  

 The magnitude of displacement is of the order of 200 mm in the roof, 20 – 30 mm in 

the limestone wall and 60 mm in the quartzite wall. 

 The ratio between the magnitudes of displacement are:  

- Quartzite wall displacement ≈ 2-3 times limestone wall displacement 

- Roof displacement ≈ 3 times quartzite wall displacement 

- Roof displacement ≈  7-10 times limestone wall displacement 

 

The result of the analysis suggest that the problem may be treated as a two dimensional 

problem as a significant portion of the displacement occurs when the driving face of the top 

drift passes vertically above each monitoring profile. 
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6.2. Calibration of Numerical 2D Model 

6.2.1. General 

Within the calibration work almost 80 calculations of the model have been completed. Each 

run used a new set of material parameters and took the model one step closer to the goal of a 

calibrated model. After each run, an evaluation of the behavior of the model in terms of 

magnitude of displacement, deformational pattern, plastic yielding, stress redistribution and 

interface sliding was done before a new set of parameters were decided. This iterative 

procedure continued until a satisfying result was obtained. A list of all calculated cases can be 

found in Appendix 2. 

 

Results of the analyzed roof- and wall displacements with respect to the horizontal distance 

from each monitoring profile to the face of the drift above (see section 6.1) gave the following 

pattern of deformations calibrate against: 

 The magnitude of the displacements  that the model should reproduce are:  

- >200 mm displacement in the roof. 

- 20 – 30 mm displacement in the limestone wall 

- 60 mm displacement in the quartzite wall 

 The relationship between the displacements mentioned above are: 

- Quartzite wall displacement ≈ 2-3 times limestone wall displacement 

- Roof displacement ≈ 3 times quartzite wall displacement 

- Roof displacement ≈  7-10 times limestone wall displacement 

 The desired pattern of displacement within the bottom drift (due to excavation of the 

top drift) that the model should replicate is illustrated in Figure 57. Thus, almost 

vertical displacement in the roof and almost horizontal displacements in the walls. The 

displacement in the walls should perhaps show some downward displacement as well.  

 The belief of the miners is that a large part of the total displacement within the bottom 

drift occurs due to excavation of the top drift (even though there are no monitoring 

data to confirm this behavior). Thus, as large part as possible of the total deformation 

should occur as a result of excavation of the top drift. 
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Figure 57: Relative displacement vectors for entire monitoring period where each drift is excavated in ore, quartzitic 

rock within the left walls and limestone within the right wall (as seen in the figure).  

 

The influence of gravity on the result was found to be negligible. Thus, gravity was excluded 

from the subsequent calibration and geometry analyses. During the calibration, a large 

number of alterations of properties have been done. The ranges of each parameter are 

presented in Table 23 and Table 24. 

 
Table 23: Range of material property used within the calibration. 

 
GSI σc [MPa] 

 

Min Max Min Max 

Ore 42 100 50 100 

Limestone 47 92 55 75 

Quartzite 30 70 50 100 

 
Table 24: Range of interface property used within the calibration. 

 

Friction angle,  

[˚] 

 

Min Max 

Interface 1: Ore - 

Quartzite 1 30 

Interface 2: Ore - 

Limestone 1 30 

 

Calibration of the 2D model resulted in two sets of material parameters giving a model 

behavior that satisfied the desired deformational pattern and magnitudes. The cases were 

named Case 1 and Case 2. Both cases were chosen for further study. The two calibrated 

models are presented separately in the following chapters. 
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6.2.2. Case 1 

The first set of parameters that fulfill the desired behavior of the model is listed in Table 25 

and Table 26. The model has been given the name 

“Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5”, which represent the material 

parameters of the model.  

 

Starting from the initial parameters, the ore strength has been decreased while the quartzite 

strength has been increased. The limestone properties were not changed. The ore - quartzite 

interface strength has been decreased, while the ore - limestone interface strength was not 

changed. 

 
Table 25: Rock mass properties of the calibrated 2D model, Case 1 – W8m H10m. 

Roclab Ore Limestone Quartzite 

Input:       

Uniaxial 

compressive 

strength, σci [MPa] 65 75 75 

Geological Strength 

Index, GSI 52 72 60 

Intact rock 

parameter, mi 10 10 20 

Disturbance 

parameter, D 0 0 0 

Young’s modulus, Ei 

[MPa] 55000 55000 28125 

Maximum confining 

stress, σ3, max [MPa] 8.2 8.2 8.2 

Output (material parameters used in the numerical model): 

Cohesion, c [MPa] 2.18 3.72 3.1 

Tensile strength, σt 

[MPa] 0.174 0.908 0.184 

Friction angle,  [˚] 36.8 43.5 46.4 

Dilation angle, ψ [˚] 9.8 9.8 4.06 

Young’s modulus, 

Erm [MPa] 19019 42270 14625 

 Poisson’s ratio,  0.17 0.17 0.25 

Bulk modulus, K 

[MPa] 9606 21348 9750 

Shear modulus, G 

[MPa] 8128 18064 5850 

 

  



61 

 

Table 26: Interface properties of the calibrated 2D model; Case 1 – W8m H10m. 

Interface: 

Interface 1: Ore - 

Quartzite 

Interface 2: Ore - 

Limestone 

Normal stiffness, Kn 

[MPa/m] 146250 190190 

Shear stiffness, Ks 

[MPa/m] 58500 81278 

Cohesion, c [MPa] 0 0 

Tensile strength, σt [MPa] 0 0 

Friction angle,  [˚] 5 30 

Dilation angle, ψ [˚] 0 0 

 

Similar magnitudes of friction angles of interfaces have been reported by Basarir (2011) and 

Board et al. (1991) for the Kristineberg mine.  

 

The displacement pattern of the rock mass surrounding the bottom drift is corresponding well 

to the observed deformational pattern. The displacement vectors of the bottom drift due to 

excavation of the top drift and bottom drift are illustrated in Figure 58 and Figure 59. The 

magnitudes of displacement together with ratios between them and the magnitudes of the 

sliding along the interfaces are listed in Table 27. 

 

 
Figure 58: Displacement vectors in bottom drift due to excavation of bottom drift. 
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Figure 59: Displacement vectors in bottom drift due to excavation of top drift. 

 
Table 27: Key displacements with corresponding relationships of the model; Case 1 – W8m H10m. 

W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.061 0.061 0.145 0.216 0.019 0.017 

Total displacement [m] 0.121 0.361 0.035 

 

  

Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.4 3.6 3.2 3.6 7.8 12.9 

 

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

Relationship [-] 1.0 0.7 1.1 

 

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.089 -0.198 0.000 -0.014 

 

This model with the material parameters of Case 1 gave the following results: 

 The deformational patters is similar to the measured deformations of the real rock 

mass with large, close to vertical, displacement in the roof and smaller, near 
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horizontal, displacements in the walls where the limestone wall shows the smallest 

displacements. 

 The magnitudes of the displacements are somewhat smaller than in the real rock mass, 

especially in the roof. 

 Each magnitude of displacement within the bottom drift due to excavation of the top 

drift is shown in Table 28 (magnitude of displacement due to excavation of the bottom 

drift within brackets). 

 
Table 28: Magnitudes of displacements within the roof and the walls for Case 1. 

 Numerical model Real rock mass 

Roof displacement [mm] 145 (216) 200 

Limestone wall displacement 

[mm] 19 (17) 20-30 

Quartzite wall displacement 

[mm] 61 (61) 60 

 

 The relationships between the displacements in the roof and in each wall are close to 

the desired relations, as shown in Table 29. 

 
Table 29: Relationships between the magnitudes of displacements within the roof and the walls for Case 1. 

Relationship Numerical model Real rock mass 

Roof /Quartzite wall 2.4 3 

Roof/Limestone wall 7.8 7-10 

Quartzite wall/Limestone wall 3.2 2-3 

 

 A large part of the total displacement occurs due to excavation of the top drift. Within 

the walls, the displacement due to excavation of the top drift is approximately the 

same as the displacement due to excavation of the bottom drift (1.0 for the limestone 

wall and 1.1 for the quartzite wall). For the roof, the same relation is 0.7. 

 The displacement in the corners, i.e., the vertical sliding within interfaces is larger in 

the ore - quartzite interface than in the ore - limestone interface. The sliding is 89 mm 

within the ore - quartzite interface, while the corresponding sliding within the ore - 

limestone interface is less than 1 mm. The same sliding due to excavation of the 

bottom drift is 198 mm and 14 mm for the ore - quartzite interface and the ore - 

limestone interface, respectively. 

 

6.2.3. Case 2 

The second set of parameters that fulfill the desired behavior of the model is listed in Table 30 

and Table 31. The model has been given the name 

“Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5”, which represent the 

material parameters of the model.  

 

Starting from the initial parameters, the ore strength has been decreased both regarding GSI 

and Young’s modulus, while the quartzite strength has been increased. The limestone has not 

been changed. The ore - quartzite interface strength has been decreased, while the ore - 

limestone interface strength was not changed. 
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Table 30: Material parameters of the calibrated 2D model; Case 2 – W8m H10m. 

Roclab Ore Lime Stone Quartzite 

Input: 

 σci [MPa] 75 75 75 

GSI 57 72 60 

mi 10 10 20 

D 0 0 0 

Ei [MPa] 55000 55000 28125 

σ3, max [MPa] 8.2 8.2 8.2 

Output (material properties used in the numerical model): 

c [MPa] 2.54 3.72 3.10 

σt [MPa] 0.29 0.908 0.184 

 [˚] 39.4 43.5 46.4 

ψ [˚] 9.8 9.8 4.06 

Erm [MPa] 12719 42270 14625 

  0.25 0.17 0.25 

K [MPa] 6281 21348 9750 

G [MPa] 5315 18064 5850 

 
Table 31: Interface parameters of the calibrated 2D model; Case 2 – W8m H10m. 

Interface: 

Interface 1: Ore - 

Quartzite 

Interface 2: Ore - 

Limestone 

Normal stiffness, Kn 

[MPa/m] 146250 124370 

Shear stiffness, Ks 

[MPa/m] 58500 53150 

Cohesion, c [MPa] 0 0 

Tensile strength, σt [MPa] 0 0 

Friction angle,  [˚] 5 30 

Dilation angle, ψ [˚] 0 0 

 

The displacement pattern of the rock mass surrounding the bottom drift is to a high degree 

corresponding to the desired deformational pattern. The displacement vectors of the bottom 

drift due to excavation of the top drift and bottom drift are illustrated in Figure 60 and Figure 

61. The magnitudes of displacement together with ratios between them and the magnitudes of 

the sliding along the interfaces are listed in Table 32. 
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Figure 60: Displacement vectors in bottom drift due to excavation of bottom drift. 

 

 
Figure 61: Displacement vectors in bottom drift due to excavation of top drift. 
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Table 32: Key displacements with corresponding relationships of the model; Case 2 – W8m H10m. 

W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.053 0.072 0.136 0.222 0.018 0.018 

Total displacement [m] 0.125 0.359 0.036 

  
  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.6 3.1 2.9 4.0 7.5 12.5 

  
  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

0.7 0.6 1.0 

  
  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.080 -0.195 0.000 -0.016 

 

The model with the material parameters of Case 2 gives displacements and relationships 

according to Table 33 and Table 34. 

 
Table 33: Magnitudes of displacements within the roof and the walls for Case 2. 

 Numerical model Real rock mass 

Roof displacement [mm] 136 (222) 200 

Limestone wall displacement 

[mm] 18 (18) 20-30 

Quartzite wall displacement 

[mm] 53 (72) 60 

 
Table 34: Relationships between the magnitudes of displacements within the roof and the walls for Case 2. 

Relationship Numerical model Real rock mass 

Roof /Quartzite wall 2.6 3 

Roof/Limestone wall 7.5 7-10 

Quartzite wall/Limestone wall 2.9 2-3 

 

The magnitude of displacements was close to the desired displacements within the walls, 

while somewhat too small in the roof. The relationships between the displacements in the roof 

and in each wall were close to the desired relations. The vertical sliding is 80 mm within the 

ore - quartzite interface, while corresponding sliding within the ore - limestone interface is 

less than 1 mm. 
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6.2.4. Strain Softening Constitutive Model 

A strain softening constitutive model for the orebody was tested during the calibration work. 

Two cases of material properties were used: (i) residual ore strength of GSI = 30 and UCS = 

30 MPa and (ii) residual ore strength of GSI = 50, UCS = 50 MPa. None of the strain 

softening material properties resulted in deformational patterns similar to the desired pattern 

and continued calibration was not judged worthwhile. 

 

6.2.4.1. Deformation 

The deformation within the bottom drift due to excavation of the bottom- and the top drift is 

illustrated in Figure 62 and Figure 63 for the first case of strain softening properties. Note that 

the scale factor of the displacement vectors in these figures is 5, unlike in the other plots 

where the factor is 10. This scale factor was decided due to the large displacements due to 

excavation of the top drifts. 

 

 
Figure 62: Displacement vectors in bottom drift due to excavation of bottom drift for orebody strain softening model 

with residual strength: GSI = 30 and UCS = 30 MPa. 
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Figure 63: Displacement vectors in bottom drift due to excavation of top drift for orebody strain softening model with 

residual strength: GSI = 30 and UCS = 30 MPa. 

 

The model with residual ore strength of GSI = 30 and UCS = 30 MPa shows very small 

displacements in the bottom drift due to excavation of the bottom drift, but very large 

displacements due to excavation of the top drift. The pattern of displacement is different from 

the desired pattern, with the largest roof displacements close to the limestone wall instead of 

close to the quartzite wall, as desired.  

 

The model with residual ore strength of GSI = 50 and UCS = 50 MPa shows very large 

displacements in the bottom drift due to excavation of the bottom drift, but instead very small 

displacements due to excavation of the top drift. Also in this case is the pattern of 

displacement different from the desired pattern, with the largest roof displacements close to 

the limestone wall instead of close to the quartzite wall, as desired. Very large displacements 

are also noticed within the quartzite wall due to excavation of the bottom drift. 

 

6.2.4.2. Yielding and Stress Redistribution 

The yielding of the model with residual ore strength of GSI = 30 and UCS = 30 MPa, is 

illustrated in Figure 64 and Figure 65, while the horizontal stresses of the model are illustrated 

in Figure 66 and Figure 67. 

 

The yielding of the rock mass was somewhat more extensive for the models with strain 

softening material model of the ore, compared to the previously evaluated models with Mohr-

Coulomb material model. This was especially noticed on the quartzite side of the orebody. 

The ore itself was somewhat more yielded for the case with residual ore strength of GSI = 30 

and UCS = 30 MPa, compared to the case with residual ore strength of GSI = 50 and UCS = 

50 MPa and the model with the Mohr-Coulomb material model. 
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Figure 64: Yielding prior to excavation of the top drift of the model with strain softening model with residual 

strength: GSI = 30 and UCS = 30 MPa for the orebody. 

 

 
Figure 65: Yielding after excavation of the top drift of the model with strain softening model with residual strength: 

GSI = 30 and UCS = 30 MPa for the orebody. 
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The horizontal stresses within the rill bench and above the top drift differed from the models 

previously evaluated with Mohr-Coulomb material models. The core of maximum horizontal 

stress prior to excavation of the top drift was not located as high above the bottom drift and 

the top drift was excavated above the level of the maximum horizontal stress. The rill benches 

were not destressed as desired, by excavation of the bottom- and top drifts. For both models 

with strain softening material model of the ore, a core of horizontal stresses higher than 125 

MPa remained within the rill bench after excavation of both drifts. 

 

 
Figure 66: Horizontal stress prior to excavation of the top drift of the model with strain softening model with residual 

strength: GSI = 30 and UCS = 30 MPa for the orebody. 
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Figure 67: Horizontal stress after excavation of the top drift of the model with strain softening model with residual 

strength: GSI = 30 and UCS = 30 MPa for the orebody. 

 

6.3. Numerical 3D Model 
The 3D model represents the 2D model with properties according to Case 1. The geometry of 

the orebody is 8 meters wide with a bench height of 10 meters. The 3D model was used to 

verify the result of the 2D model. 

 

6.3.1. Deformation 

The deformation vectors chosen to represent the behavior of the 3D model were located 

within the monitoring profile 1V. Figure 68 and Figure 70 illustrate the displacement within 

the bottom drift of the 3D model, due to excavation of both the bottom drift and the top drift, 

respectively. Figure 69 and Figure 71 illustrates the corresponding displacement vectors of 

the 2D model. The magnitudes of displacement together with ratios between them and the 

magnitudes of the sliding along the interfaces are listed in Table 35 and Table 36 for the 3D 

model and the 2D model, respectively.  

 

The two modeling stages, which are illustrated in the figures are:  

i. Bottom drift excavated. This corresponds to the stage right before the first blast round 

was taken out in the top drift. This model stage is named “757_7l8r” meaning that 7 

blast rounds had been excavated to the left within the bottom drift and 8 blast rounds 

had been excavated to the right. Thus, the entire bottom drift is not excavated before 

excavation of the top drift begins. 

ii. Top drift excavated. This corresponds to the stage where both drifts had been 

completely excavated. This model stage is named “741_8l10r”. 
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Figure 68: Displacement vectors of the 3D model within monitoring profile 1V the bottom drift due to excavation of 

bottom drift. 

 

 
Figure 69: Displacement vectors of the 2D model within the bottom drift due to excavation of bottom drift. 
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Figure 70: Displacement vectors within monitoring profile 1V the bottom drift due to excavation of top drift. 

 

 
Figure 71: Displacement vectors of the 2D model within the bottom drift due to excavation of top drift. 
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Table 35: Key displacements with corresponding relationships of the model; Case 1 3D – W8m H10m. 

3D - W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.032 0.123 0.105 0.186 0.012 0.042 

Total displacement 

[m] 0.155 0.291 0.054 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 
  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 3.3 1.5 2.8 2.9 9.1 4.4 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

0.3 0.6 0.3 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.100 -0.269 -0.002 -0.010 
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Table 36: Key displacements with corresponding relationships of the model; Case 1 2D – W8m H10m. 

2D - W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.061 0.061 0.145 0.216 0.019 0.017 

Total displacement [m] 0.121 0.361 0.035 

 

  

Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.4 3.6 3.2 3.6 7.8 12.9 

 

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

Relationship [-] 1.0 0.7 1.1 

 

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.089 -0.198 0.000 -0.014 

 

By comparing the displacements of the 3D model to the displacements of the 2D model, the 

following may be observed: 

 The magnitudes of the displacements within the walls are somewhat larger in the 3D 

model compared to the 2D model.  

 The magnitude of the displacements within the roof is somewhat smaller in the 3D 

model compared to the 2D model. 

 The displacement in the corners, i.e. the vertical sliding within interfaces is somewhat 

larger in the 3D model compared to the 2D model. 

 

6.3.2. Yielding and Stress Redistribution 

The yielding of the 3D model was evaluated in two planes: (i) the x-z plane which is the plane 

corresponding to the 2D model and (ii) the y-z plane which is the vertical “out of plane” 

direction of the 2D model. Figure 72 through Figure 75 compares the yielding of the 3D 

model to the yielding of the corresponding 2D model. Figure 76 through Figure 78 illustrates 

the yielding in the y-z plane. 
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Figure 72: Yielding in x-z plane of the 3D model prior to excavation of the top drift. 

 

 
Figure 73: Yielding for the 2D model prior to excavation of the top drift. 
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Figure 74: Yielding in the x-z plane of the 3D model after excavation of the top drift. 

 

 
Figure 75: Yielding for the 2D model after excavation of the top drift. 
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By comparing the yielding of the 3D model to the yielding of the corresponding 2D model, 

the following may be stated: 

 The depths of yielded rock in the walls are less in the 3D model compared to the 2D 

model. The depth of the yielding is nearly twice as large in the 2D model compared to 

the 3D model.  

 The height of the yielded part of the orebody above the excavation in the 3D model 

corresponds well to the height in the 2D model. 

 

 
Figure 76: Yielding in y-z plane of the 3D model prior to excavation of the top drift. 
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Figure 77: Yielding in y-z plane of the 3D model after excavation of half of the top drift. 

 

 
Figure 78: Yielding in y-z plane of the 3D model after excavation of the top drift. 
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By comparing yielding in the y-z plane (in the strike of the orebody) of the 3D model 

compared to the 2D model, the following may be stated: 

 The yielding in the 3D model reached approximately 10 meters into the rock mass 

around the excavations. Thus, the rill bench was yielded before excavation of the top 

drift begins. This corresponds well to the yielding of the rill bench in the 2D model 

where the yielding reaches 10 – 13 meters above the bottom drift prior to excavation 

of the top drift. 

 Excavation of the top drift makes the rock yield in front of the face of the drift. The 

depth of the yielded rock in front of the drift face was approximately 4 – 5 meters.  

 

The horizontal stresses are illustrated in the x - z plane corresponding to the 2D model. Figure 

79 through Figure 82 illustrates the horizontal stresses before and after excavation of the top 

drift. 

 

 
Figure 79: Horizontal stress (Sxx) for the 3D model prior to excavation of the top drift. 
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Figure 80: Horizontal stress (Sxx) for the 2D model prior to excavation of the top drift. 

 

 
Figure 81: Horizontal stress (Sxx) for the 3D model after excavation of the top drift. 
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Figure 82: Horizontal stress (Sxx) for the 2D model after excavation of the top drift. 

 

6.4. Bolted 3D Model 
The bolted 3D model is the same as the unsupported 3D model except for the presence of 

bolting. The geometry of the orebody is 8 meters wide with a bench height of 10 meters.  

 

6.4.1. Deformation 

The deformation vectors chosen to represent the behavior of the bolted 3D model are located 

within the monitoring profile 1V. Figure 83 and Figure 84 illustrate the displacement within 

the bottom drift due to excavation of both the bottom drift and the top drift, respectively. The 

magnitudes of displacement together with ratios between them and the magnitudes of the 

sliding along the interfaces are listed in Table 37.  

 

The two modeling stages which are illustrated in the figures are the same states as in the 

unsupported 3D model: 

i. Bottom drift excavated. This corresponds to the stage right before the first blast round 

was taken out in the top drift. This model stage is named “757_7l8r” meaning that 7 

blast rounds had been excavated to the left within the bottom drift and 8 blast rounds 

had been excavated to the right. Thus, the entire bottom drift is not excavated before 

excavation of the top drift begins. 

ii. Top drift excavated. This corresponds to the stage where both drifts had been 

completely excavated. This model stage is named “741_8l10r”. 
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Figure 83: Displacement vectors within monitoring profile 1V the bottom drift due to excavation of bottom drift. 

 

 
Figure 84: Displacement vectors within monitoring profile 1V the bottom drift due to excavation of top drift. 
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Table 37: Key displacements with corresponding relationships of the model; Case 1 Bolted 3D – W8m H10m. 

W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.062 0.030 0.102 0.119 0.022 0.010 

Total displacement 

[m] 0.092 0.221 0.032 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.7 4.0 2.8 2.9 4.7 11.5 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

2.1 0.9 2.1 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.238 -0.264 -0.003 -0.010 

 

6.4.2. Yielding and Stress Redistribution 

The yielding of the 3D model is investigated in two planes: (i) the x-z plane which is the 

plane corresponding to the 2D model and (ii) the y-z plane which is the vertical “out of plane” 

direction of the 2D model. Figure 85 and Figure 86 illustrate the x-z plane while Figure 87 

through Figure 89 illustrates the yielding in the y-z plane. 
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Figure 85: Yielding in x-z plane of the bolted 3D model prior to excavation of the top drift. 

 

 
Figure 86: Yielding in the x-z plane of the bolted 3D model after excavation of the top drift. 
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Figure 87: Yielding in y-z plane of the bolted 3D model prior to excavation of the top drift. 

 

 
Figure 88: Yielding in y-z plane of the bolted 3D model after excavation of half of the top drift. 
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Figure 89: Yielding in y-z plane of the bolted 3D model after excavation of the top drift. 

 

The horizontal stresses are illustrated in the x - z plane corresponding to the 2D model. Figure 

90 and Figure 91 illustrates the horizontal stresses before and after excavation of the top drift. 

 

 
Figure 90: Horizontal stress (Sxx) for the bolted 3D model prior to excavation of the top drift. 
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Figure 91: Horizontal stress (Sxx) for the bolted 3D model after excavation of the top drift. 

 

Comparing the bolted 3D model with the unsupported 3D model, the following can be 

concluded: 

 The displacements within both the roof and the walls were smaller in the bolted 

model. 

 The difference in yielding between the bolted and the unsupported model is 

considered negligible. 

 The horizontal stresses within the rill bench are somewhat larger in the bolted model 

compared to the unsupported model.  

 Most of the bolts within the roofs of the drifts were carrying loads close to the tensile 

strength of the bolts. 

  

y x 

z 
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6.5. Analysis of Alternative Mining Geometries 
The geometry analysis consists of a set of geometries that were modeled with two sets of 

material parameters. The geometries of interest are three separate ore widths; 8, 12 and 16 

meters, with three rill bench heights each; 10, 12 and 15 meters. The characteristics studied 

include deformation pattern and magnitudes, sliding along the ore - host rock contacts 

(interfaces), stress redistributions, and yielded rock. The material parameters used are both 

Case 1 (according to section 6.2.2) and Case 2 (according to section 6.2.3). 

 

6.5.1. Deformation 

The deformation pattern of the rock mass surrounding the excavated areas is similar to the 

deformation patterns of the calibrated model. All figures illustrating the displacement vectors 

are presented in Appendix 3. All figures illustrate the displacement vectors on the boundary 

of the bottom drift of the rill mining. The displacement due to excavation of both the bottom- 

and the top drift are presented for each of the studied geometries. Tables listing the 

magnitudes of displacements with relationships between them for each geometric case are 

also presented in Appendix 3. The tables also describe the sliding occurring within the ore – 

host rock contacts (interfaces). Magnitudes of the displacements and ratios between the 

displacements for each of the geometric- and material parameter cases are presented in Figure 

92 through Figure 95. 

 

 
Figure 92: Displacement due to excavation of the top drift for material parameters according to Case 1. 
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Figure 93: Displacement due to excavation of the top drift for material parameters according to Case 2. 

 

 
Figure 94: Ratios between the displacements due to excavation of the top drift for material parameters according to 

Case 1. 
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Figure 95: Ratios between the displacements due to excavation of the top drift for material parameters according to 

Case 2. 
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 The limestone wall displacement is quite constant for all ore widths with insignificant 

variations in both displacements due to excavation of the bottom drift and due to 

excavations of top drift, as well as total displacement. 

 Increasing ore width results in a smaller portion of the total roof displacement being a 

result of excavation of the top drift. The relationship between displacement due to 

excavation of the top drift and displacement due to excavation of the bottom drift 

decreases for all bench heights but the highest (15 meters). For this case, the medium 

ore width (12 meters) had the largest relation. 

 Sliding along ore – host rock contacts decrease with increased ore width. This applies 

for both interfaces, but the sliding due to excavation of top drift along the ore-

limestone interface is negligible. 

 

6.5.2. Yielding and Stress Redistribution 

The mining gives rise to stress redistribution around the excavated areas of the orebody. 

Stress redistributions and thus, higher concentrations of stress result in yielding of the rock 

mass surrounding the excavations. Yielding and stress redistributions are important from a 

stability point of view.  

 

General for all geometries investigated was that: 

 The yielding is more extensive within the quartzite side of the orebody than within the 

limestone side of the orebody.  

 The walls of the excavated areas are yielding in tension, while shear yielding can be 

noticed above and below the excavated areas. 

 The yielded part of the orebody is more extensive in the 16 meters wide orebody 

compared to in the 8 meters and 12 meters wide orebodies. The yielded part of the 

orebody reaches 12 – 20 meters above and 20 – 24 meters below the excavated areas. 

 

The figures of the yielding prior and after excavation of the top drift gave information 

regarding the vertical level of the yielding within the orebody in relation to the location of the 

top drift. The result is compiled in Table 38. 

 

For the models with material properties according to Case 1 and Case 2, the yielding and the 

horizontal stresses of the three models with 8 meters ore width is illustrated Appendix 4. The 

maximum horizontal stress within each rill bench is listed in Table 39 through Table 41. 

 
Table 38: Height of yielded ore above the bottom drift prior to excavation of the top drift. 

Width of orebody [m] Height of yielded ore above bottom drift [m] 

Case 1 Case 2 

Quartzite 

side 

Limestone 

side 

Quartzite 

side 

Limestone 

side 

8 13.5 10.3 10.7  7.5 

12 18.0 13.5 15.0  9.0 

16 23.0 15.0 19.5  9.5 
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Table 39: Maximum horizontal stress within the rill bench of the three models with 8 meters ore width. 

Model Maximum horizontal stress (Sxx) [MPa] 

Case 1 Case 2 

 W8mH10m 13 19 

W8mH12m 17 25 

W8mH15m 24 43 

 

The following may be stated regarding yielding and stress redistribution for the three models 

with 8 meters ore width: 

 For Case 1, the horizontal depth of the yielding in the walls of the top drift was more 

extensive for the 10 and 12 meters bench height compared to the 15 meters bench 

height. The magnitudes of yielding depths within the walls are around 20 – 24 meters 

for the 10 and 12 meters bench heights, while 11 – 13 meters for the 15 meters bench 

height. 

 For Case 2, the horizontal depth of the yielding in the walls of the top drift is around 

10 meters. 

 For Case 1; 10 and the 12 meters bench height, a core of the highest concentrations of 

horizontal stresses is located at the height above the mined out areas where the top 

drift is later excavated. Excavation of the top drift redistributes the stresses even 

further up above the top drift. This result in destressing of the rill bench with 

excavation of the top drift. Also for the 15 meters bench height, the main core of 

horizontal stresses is redistributed up above the top drift. However, the rill bench is 

not completely destressed but a core of horizontal stresses of 24 MPa remain within 

the rill bench. This core of horizontal stress indicates that the bench is not completely 

failed. 

 For Case 2; 10 meters bench height a core of the largest horizontal stresses is located 

at the height above the mined out areas where the top drift is later excavated. For the 

12 and 15 meters bench heights this core is located below the level where the top drift 

is eventually excavated, thus, inside the rill bench. Excavation of the top drift presses 

the stresses further up above the top drift. This result in destressing of the rill bench 

with remaining horizontal stresses of 19 and 25 MPa due to excavation of the top drift 

in the case of 10 and 12 meters bench height, respectively. For the 15 meters bench 

height, the main core of horizontal stresses is pressed up above the top drift. However, 

the rill bench is not completely destressed but a core of horizontal stress of 43 MPa 

remain within the rill bench. This core of horizontal stress indicates that the bench 

may not be completely failed. 

 

The yielding and horizontal stresses of the six models with 12 meters ore width are illustrated 

in Figure 128 through Figure 135 (Case 1) and Figure 152 through Figure 159 (Case 2) in 

Appendix 4. The maximum horizontal stress within each rill bench is listed in Table 40. 

 
Table 40: Maximum horizontal stress within the rill bench of the three models with 12 meters ore width. 

Model Maximum horizontal stress (Sxx) [MPa] 

Case 1 Case 2 

W12mH10m 11 16 

W12mH12m 11 16 

W12mH15m 11 18 
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The six models with 12 meters ore width shows the following regarding yielding and stress 

redistribution: 

 For Case 1, the walls of the top drift are considerably yielded for the 10 and 12 meters 

bench height with yielding reaching 17 – 23 meters into the walls. However, within 

the walls of the top drift of the 15 meters bench height the yielding is less extensive 

with only 4 meters depth of the yielding within the limestone wall. 

 For Case 2, the horizontal depth of the yielding in the walls of the top drift is around 3 

– 7 meters. 

 For all three bench heights (both Case 1 and Case 2), the core of the largest horizontal 

stress is located at the height above the mined out areas where the top drift is later 

excavated. Excavation of the top drift redistributes the stresses even further up above 

the top drift. Excavation of the top drifts result in destressing of the rill benches with 

remaining horizontal stresses below 18 MPa.  

 

The yielding and horizontal stresses of the six models with 16 meters ore width are illustrated 

in Figure 136 through Figure 143 (Case 1) and Figure 160 through Figure 167 (Case 2) in 

Appendix 4.  The maximum horizontal stress within each rill bench is listed in Table 41. 

 
Table 41: Maximum horizontal stress within the rill bench of the three models with 16 meters ore width. 

Model Maximum horizontal stress (Sxx) [MPa] 

Case 1 Case 2 

W16mH10m 9 13 

W16mH12m 11 16 

W16mH15m 11 16 

 

The following can be stated regarding yielding and stress redistribution about the six models 

with 16 meters ore width: 

 For Case 1, the horizontal depth of the yielding in the walls of the top drift is around 3 

– 4 meters in the limestone wall while around 6 – 17 meters within the quartzite wall. 

The extent of yielding within the walls of the top drift decreases with increase of the 

bench height.  

 For Case 2, the host rock surrounding the rill bench is not yielded before excavation of 

the actual rill bench, except for the first 1 – 2 meters of the limestone wall. This goes 

for all three bench heights of the 16 meters wide orebody. The horizontal depth of the 

yielding in the walls of the top drift is around 4.5 – 12 meters. The most extensive 

yielding is found in the limestone wall and is decreased with increasing bench height.  

 The host rock surrounding the rill bench is not yielded before excavation of the actual 

rill bench, except for the first meter of the limestone wall. This goes for all three bench 

heights of the 16 meters wide orebody. 

 For Case 1; all three bench heights, the core of the largest horizontal stress is located 

above the area where the top drift is later excavated. Excavation of the top drift 

redistributes the stresses even further up above the top drift.  

 For Case 2; 10 and 12 meters bench heights, the core of the largest horizontal stress is 

located above the area where the top drift is later excavated, while for the 15 meters 

bench height the core of the largest horizontal stresses is located where the top drift is 

to be excavated. Excavation of the top drift redistributes the stresses even further up 

above the top drift.  

 For Case 1; 10 and 12 meters bench heights, the whole rill bench is almost destressed 

before excavation of the top drift. The top drift is excavated within ore experiencing 
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horizontal stresses of between 40 – 60 MPa. For the 16 meters bench height the 

horizontal stress is below 40 MPa before excavation of the top drift for the whole rill 

bench but the upper 1 meter which has a horizontal stress above 40 MPa but below 60 

MPa. The top drift is excavated within ore experiencing horizontal stresses of between 

40 – 80 MPa. 

 For Case 2; 10 and 12 meters bench heights, the horizontal stress is below 40 MPa 

before excavation of the top drift. Excavation of the top drift destresses the rill bench 

leaving horizontal stresses of 13 and 16 MPa, respectively. For the 15 meters bench 

height the top drift is excavated within ore experiencing high horizontal stresses above 

100 MPa.   

 Excavation of the top drifts result in destressing of the rill benches for all three bench 

heights for both Case 1 and Case 2. The remaining horizontal stress is below 16 MPa 

for all three bench heights.  

 

6.6. Four Consecutive Levels of Rill Mining 
Four consecutive levels of rill mining were investigated with regards to yielding and 

destressing of the rill bench to determine suitable geometries of the rill bench to ensure failing 

benches.  A total of nine geometrical cases were tested; 8, 12 and 16 meters ore width with 

10, 12 and 15 meters bench heights, respectively. The material properties of the models are 

the ones from Case 1 (see section 6.2.2). Table 42 lists the maximum horizontal stress 

experienced by each rill bench for the nine geometrical cases, while Table 43 compares the 

maximum horizontal stress within the rill benches to the maximum horizontal stress in the 

rock mass directly above each rill bench. 

 

General for all geometries investigated was: 

 The rock mass above and below the excavations experience shear yielding, while the 

walls of the excavations experience tensile yielding. 

 As the mining progresses the stresses are redistributed further above and below the 

excavated areas. 

 

The maximum horizontal stresses within the rill benches compared to the maximum 

horizontal stress within the rock mass directly above each top drift indicates failed benches 

for every geometric case, except the two higher rill benches (12 and 15 meters) of the 8 

meters wide orebody. The rill benches of these two cases are still carrying load enough not to 

be considered failed. 

 

Figures illustrating the yielding of the rock mass and the horizontal stresses experienced by 

the rill bench of each rill mining level can be found in Appendix 5. 
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Table 42: Magnitude of maximum horizontal stress experienced by each rill bench for all nine geometric cases. 

 Maximum horizontal stress (Sxx) [MPa] 

Rill bench no. W8mH10m W8mH12m W8mH15m 

1 43  77  115  

2 45  78  131  

3 48  79  140  

4 48  76  139  

 

Rill bench no. W12mH10m W12mH12m W12mH15m 

1 16 38 11 

2 18 37 11 

3 19 37 10 

4 19 39 10 

 

Rill bench no. W16mH10m W16mH12m W16mH15m 

1 22  14 19 

2 22  14 20 

3 25  14 21 

4 27  14 24 

 
Table 43: Maximum horizontal stresses within- and directly above each rill bench. 

Model Maximum 

horizontal stress 

within the rill 

benches before 

extraction [MPa] 

Maximum 

horizontal stress 

directly above each 

top drift [MPa] 

Note 

W8mH10m 43 – 48 > 100 All four benches are 

failing 

W8mH12m 76 – 79 > 90  None of the benches 

are failing 

W8mH15m 115 – 140 < stress within bench None of the benches 

are failing 

W12mH10m 16 – 19  > 90 All four benches are 

failing 

W12mH12m 37 – 39  > 100 All four benches are 

failing 

W12mH15m 10 – 11  > 90 All four benches are 

failing 

W16mH10m 22 – 27  > 90 All four benches are 

failing 

W16mH12m 14 > 90 All four benches are 

failing 

W16mH15m 19 – 24  > 90 All four benches are 

failing 
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7. Discussion 
The fact that the analysis of the deformation and failure of the rill bench allowed the problem 

to be simplified into two dimensions was important for the calibration of the model. 

Investigating the problem with a two-dimensional model instead of a three-dimensional 

model saved time in the calibration work as the calculation time was significantly reduced. 

Calculation time for the 2D model was around one hour, while the calculation time for the 3d 

model was around 72 to 96 hours.  

 

The boreholes investigated in the area of the rill mining operation were only five. Five holes 

obviously do not cover the whole area completely. The result of the investigation was 

interpolated between the boreholes. Local variations of the geology may exist in the real rock 

mass and affect the mechanical properties and behavior to a high degree. The monitoring data 

indicated that local variations of the geology affected the deformational pattern considerably. 

Since the rock mass was simplified in the numerical model to only consider three different 

material properties that were uniform for each of the three rock types, the material properties 

used as input data to the model were mean values of the borehole data. However, the model 

did not include variations of material properties within each rock type and was therefore 

simulating the rock mass without the possibility of local geological variations influencing the 

behavior. 

 

The estimation of the material properties were only based on field observational methods. No 

laboratory methods were used. Thus, the estimations are quite rough but provide a first 

indication of the actual rock mass properties of the real rock mass. The Schmidt hammer tests 

were performed on both old and fresh rock surfaces. Variations in rebound value may be 

affected by the “freshness” of the rock surfaces. 

 

The rock mass is possibly behaving strain-softening in the real case. However, the Mohr-

Coulomb constitutive model of the rock mass does not account for this. Strain softening 

models were available and also tested, but not giving the desired deformational pattern. The 

strain softening model was also considered too time consuming to calibrate. A strain softening 

model adds a number of parameters to account for within the calibration work and thus 

increase the complexity of the calibration considerably.  

 

The numerical model was calibrated against a deformational pattern chosen to be 

representative for the deformation within the whole rill mining area. The chosen pattern may 

be considered a “mean” deformation of the whole area. The material parameters obtained 

through the calibration process may not be the real properties of the real rock mass, but they 

are properties making the model replicate the rock behavior in the desired way. They are not 

to be regarded as the true parameters of the rock mass.  

 

The deformation within the roof of the bottom drift is larger due to excavation of the bottom 

drift compared to excavation of the top drift. This is reasonable since the rock surrounding the 

drift is expected to deform when the drift is excavated. This might also be the case in reality 

even though there are no monitoring data to prove this. Monitoring can obviously not be 

performed within the drift until it is excavated. 

 

None of the models within the calibration gave displacements in the bottom drift (due to 

excavation of the top drift) in the magnitude corresponding to the monitoring data from the 

real rill mining. The magnitude given is the maximum recorded deformation of the four 

monitoring profiles, thus the displacements of the model may be acceptable. Also, the ratios 



98 

 

of the relationships between roof displacements and wall displacement are corresponding to 

ratios of the measured displacements which were indications of the desired model behavior. 

 

The estimations of degree of failure as a function of the maximum horizontal stress within the 

rill bench were somewhat subjective. The trends of change and the levels of horizontal stress 

in the rock surrounding the rill bench were evaluated within the assessment. 

 

It was clear that for the geometries tested within the modeling of alternative mining 

geometries, the roof displacement increased with increasing bench height. It might be a result 

of the fact that all rill benches in this study failed. The higher the rill bench was, the higher 

the excavated height of the orebody. This resulted in more “squeezing” of the rill bench by 

the surrounding host rock and thus also larger vertical displacement in the roof of the bottom 

drift (and also in the floor of the top drift). It was also noticeable that for the only rill bench 

that was not totally failed and still carrying load (8 meters ore width and 15 meters bench 

height), the squeezing of the rill bench was not increased compared to the geometric case with 

10 meters bench height. 

 

The resetting of displacements differs in the 3D model compared to the 2D model. In the 2D 

model the displacements are reset after each excavation, while in the 3D model excavation of 

the top drift began before the bottom drift is entirely excavated. Displacements were instead 

reset (in the 3D model) at the stages corresponding to the time of the first monitoring. This 

might affect the deformational patterns observed within the bottom drift. Especially the 

deformation due to excavation of the bottom drift might be affected because the bottom drift 

was not entirely excavated before the excavation of the top drift began. In future work, this 

may be investigated further by using more (or different) “reset points”. 
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8. Conclusions 
Conclusions within each particular subject treated in the thesis are given below. 

8.1. Deformation and Failure of the Rill Bench 

 Studies of deformation with respect to the horizontal distance to the advancing face of 

the top drift above shows that the roof displacement is highly influenced by this 

distance. The deformation rate of the roof is increased as the face passes vertically 

above the monitoring profile. The result indicates that the deformation of the rill bench 

has a two dimensional behavior and may be treated as a two dimensional problem.  

 The magnitudes of displacements that the model should replicate were determined to: 

- Vertical displacement (downward) in the roof in the order of 200 mm in the 

roof. 

- Horizontal displacement (into the drift) of 20 – 30 mm in the limestone wall 

and around 60 mm in the quartzite wall. 

 The ratio between the magnitudes of displacement should be:  

- Quartzite wall displacement ≈ 2-3 times larger than the limestone wall 

displacement. 

- Roof displacement ≈ 3 times larger than the quartzite wall displacement. 

- Roof displacement ≈ 7-10 times larger than the limestone wall displacement. 

 

8.2. Calibration of Model 

 Models with gravity included showed that the influence of gravity on the result of the 

model was negligible. The gravity was therefore excluded from the model to reduce 

calculation time. 

 Strain softening constitutive model for the ore were investigated but the displacement 

pattern were not found to agree with the monitoring data. 

 The calibration showed that plastic behavior of the rock materials had a large impact 

of the overall behavior of the model. Thus, elastic modeling would not have been 

enough to capture the behavior of the rock mass. A linear elastic design criterion 

would not have been relevant due to the plastic behavior controlling the overall 

behavior of the model. 

 Two sets of material parameters were identified that made the model replicate the 

desired behavior well. The two sets of material parameters differ from each other and 

both were decided to be part of the further investigations. The two sets of parameters 

determined within the calibration are not to be treated as the “true” material 

parameters of the rock mas, but parameters making the model replicate the desired 

behavior. The two sets of material parameters were found to be as in Table 44 and 

Table 45. 
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Table 44: Material properties of the rock types of Case 1 and Case 2. 

Material Property 

Ore Limestone Quartzite 

Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 

Cohesion, c [MPa] 2.18 2.54 3.72 3.72 3.1 3.10 

Tensile strength, σt [MPa] 0.174 0.29 0.908 0.908 0.184 0.184 

Friction angle,  [˚] 36.8 39.4 43.5 43.5 46.4 46.4 

Dilation angle, ψ [˚] 9.8 9.8 9.8 9.8 4.06 4.06 

Young’s modulus, Erm 

[MPa] 19019 12719 42270 42270 14625 14625 

 

    

Poisson’s ration, 𝒗 0.17 0.25 0.17 0.17 0.25 0.25 

Bulk modulus, K [MPa] 9606 6281 21348 21348 9750 9750 

Shear modulus, G [MPa] 8128 5315 18064 18064 5850 5850 

 
Table 45: Properties of the interfaces of Case 1 and Case 2. 

Interface Property 

Interface 1: Ore - 

Quartzite 

Interface 2: Ore - 

Limestone 

Case 1 Case 2 Case 1 Case 2 

Normal stiffness, Kn 

[MPa/m] 146250 146250 190190 124370 

Shear stiffness, Ks 

[MPa/m] 58500 58500 81278 53150 

Cohesion, c [MPa] 0 0 0 0 

Tensile strength, σt [MPa] 0 0 0 0 

Friction angle,  [˚] 5 5 30 30 

Dilation angle, ψ [˚] 0 0 0 0 

 

8.3. Numerical 3D Model 

 The deformational pattern due to excavation of the top drift corresponds well to the 

observed deformational pattern of the 2D model. However, the deformational pattern 

due to excavation of the bottom drift indicates an upwards displacement within the 

walls that was not observed in the 2D model. 

 The magnitude of the displacements within the roof is somewhat smaller in the 3D 

model compared to the 2D model. This can be expected due to the 2D model 

representing the worst case scenario of the 3D model, i.e. the whole drifts are 

excavated in one piece and are infinitely long in the “out of plane” direction. No 

support is gained from the rock behind the faces of the drifts.  

 The magnitudes of the displacements within the walls are somewhat larger in the 3D 

model compared to the 2D model.  

 The displacements in the corners, i.e. the vertical sliding along interfaces are 

somewhat larger in the 3D model compared to the 2D model. However, the sliding is 

within the same range of magnitude for both models. 

 The maximum horizontal stress within the rill bench in the 3D model was 16 MPa, to 

be compared to 13 MPa in the 2D model. These results are agreeing well between the 

models. 
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 The yielding in the walls are less in the 3D model compared to the 2D model. Again, 

this can be expected due to the lack of supporting effect from the rock behind the faces 

of the drifts together with the fact that the drifts are excavated in one piece in the 2D 

model, instead of gradually as in the 3D model. 

 The height of the yielded part of the orebody above the excavation in the 3D model 

corresponds well to the height in the 2D model. 

 Excavation of the top drift makes the rock yield in front of the face of the drift. The 

depth of the yielded rock in front of the drift face was approximately 4 – 5 meters. As 

the top drift was excavated further, the yielding was “pushed” ahead of the excavation.  

 The displacements within both the roof and the walls were decreased by the bolting of 

the drifts compared to the unsupported drifts and the horizontal stresses within the rill 

bench are somewhat larger in the bolted model compared to the unsupported model. 

This indicates a less failed rill bench in the supported model, thus the support is 

contributing to the stability of the drift. 

 Most of the bolts within the roofs of the drifts were carrying loads close to the tensile 

strength of the bolts. 

 

8.4. Analysis of Alternative Mining Geometries 

 The deformation pattern was similar for all of the investigated geometry. 

 The largest displacements occur within the rill bench, which is the roof of the bottom 

drift. The roof displacements are also what are mostly affected by the geometric 

changes done within the analysis. 

 Material properties according to Case 1 and Case 2 give results that agreed well. The 

results of the two cases may be treated as a range of likely results. 

 The roof displacement and the sliding along the interfaces are clearly connected to 

each other.  

 

8.4.1. Deformation 

Both cases of material properties were tested within the geometry analysis. Principally, both 

cases give the same result in terms of deformation. However, the magnitudes of displacement 

differ between the two cases where Case 1 gave slightly larger deformations than Case 2. 

 

The conclusions regarding deformation may be summarized as follows: 

 Roof displacement increases with increased bench height, but decreases with 

increasing ore width. 

 Wall displacement increases with increased bench height, but decreases with increased 

ore width. 

 Sliding along ore – host rock contacts  increases with increased bench height, but 

decreases with increasing ore width 

 

8.4.2. Yielding and Stress Redistribution 

 The yielding is somewhat more extensive within the footwall quartzite than within the 

hangingwall limestone, which is to be expected since the quartzite is the weaker 

material of the two. 

 The yielding of the orebody above the bottom drift increases with increasing ore 

width. The increase is almost proportional doubling of the ore width result in near 

doubling of the height of yielded ore.  
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 The maximum horizontal stresses within the rill benches indicates failed benches for 

all geometries except the 15 meters high rill bench for 8 meters wide orebody 

(W8mH15m). This can be explained as a higher bench has a larger load bearing 

capacity. 

 Increased ore width result in the maximum horizontal stresses being located farther 

above the bottom drift prior to excavation of the top drift. Thus, excavation of the top 

drift will have less impact on stress redistribution. 

 Mining within 8 and 12 meters wide orebodies will (with the current selection of 

bench heights) result in excavation of the top drift above the height where the core of 

maximum horizontal stress is located, while mining within 16 meters wide orebody 

will result in excavation of the top drift below the height where the core of maximum 

horizontal stress is located. Consequently, excavation of the top drift can be expected 

to have a larger impact on further stress redistribution for the 8 and 12 meters wide 

orebodies than for the 16 meters wide orebody.  

8.5. Four Consecutive Levels of Rill Mining 

 Increasing ore width results in increasing failure within the rill benches, while 

increasing bench heights result in decreasing failure within the rill benches, which is 

expected since a higher bench can carry more load. 

 For 8 meters ore width, the 12 and 15 meters bench heights result in rill benches still 

carrying load, thus not failed. For the 10 meters bench height, the rill benches are only 

carrying about half of the load compared to the stress above, and may be regarded as 

partly failed.  

 Ore width of 12 and 16 meters result in failing rill benches for all of the investigated 

bench heights.  

 The ability to carry load is quite constant for the four consecutive rill benches of each 

geometric case. Thus, the first rill bench carries approximately the same load as the 

fourth rill bench within each geometric case. This is the case both for the failing 

benches and the benches that are not failing. Thus, when starting rill mining at a new 

level (with no previous mining underneath), the geometry of rill bench and the ore 

width, affect the failing of the rill bench more than which rill level in order that is 

being excavated. This applies for the first four levels of rill mining. 

 

  



103 

 

9. Recommendations 
Based on the work conducted within this study, the following recommendations are given: 

 Rill mining in 8 meters wide orebodies requires bench heights of 10 meters or lower to 

ensure failed benches before excavation.  

 Rill mining in 12 and 16 meters wide orebodies permit bench heights of 15 meters, 

while still having a failed bench to extract. 

 Rock mechanical mapping and testing should be conducted of both free rock surfaces 

in excavations and drill cores. Classification, strength tests and laboratory tests of the 

rock types in the area of the mining should be performed to gain deeper knowledge of 

material parameters for future analyses.  

 Further numerical analyses should be performed to identify the limits of bench heights 

for failing benches for the 12 and 16 meters width of the orebody, and perhaps wider 

orebodies. 

 Additional analyses should be performed with additional consecutive levels of rill 

mining. More than four consecutive levels of rill mining should be investigated to 

determine if a larger number of consecutive rill mining levels affect the failing of the 

rill benches. 

 Further analyses should be performed with the numerical 3D model. The model 

should be calibrated with respect to rock bolt failures to further increase the reliability 

of the results. 
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Appendix 1 – Blast Rounds 
 
Table: List of blast round with corresponding date of excavation in the Dammsjön orebody, together with dates of 

monitoring. 

Date Excavation Note Monitoring 

05-Apr Exc_757_0    

11-Apr Exc_757_0    

18-Apr Exc_757_1l    

18-Apr Exc_757_1r    

26-Apr Exc_757_2r    

29-Apr Exc_757_3r    

02-May Exc_757_2l    

05-May   1H 

06-May   KP1V, KP1H 

08-May (Exc_757_3l)  Reblast later  

08-May Exc_757_4r  One excavation until here  

09-May   KP1V, KP1H 

11-May   KP1V, KP1H 

12-May Exc_757_3l 

 

 

13-May Exc_757_5r    

20-May Exc_757_4l   

1V, KP1V, 

KP1H 

20-May Exc_757_6r    

26-May   KP1V, KP1H 

27-May Exc_757_5l    

27-May Exc_757_7r    

01-Jun Exc_757_6l   

2H, 2V, 

KP1V, KP2V, 

KP1H, KP2H 

01-Jun (Exc_757_8r)  Reblast later  

07-Jun Exc_757_7l    

07-Jun Exc_757_8r 

 

 

08-Jun Exc_741_0    

08-Jun Exc_741_0    

09-Jun Exc_757_9r   

2H, 2V, 

KP1V, KP2V, 

KP1H, KP2H 

15-Jun Exc_757_8l    

15-Jun Exc_757_10r    

16-Jun Exc_741_1l    

16-Jun Exc_741_1r    

20-Jun Exc_757_11r    

22-Jun Exc_741_2l   

1H, 2H, 1V, 

2V 

22-Jun Exc_741_2r    

23-Jun   

KP1V, KP2V, 

KP1H, KP2H 
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26-Jun Exc_757_12r    

28-Jun Exc_741_3l    

28-Jun Exc_741_3r    

29-Jun 

  

1H, 2H, 1V, 

2V 

01-Jul   KP1H 

18-Aug 

  

1H, 2H, 1V, 

2V, KP1V, 

KP2V, KP1H, 

KP2H 

22-Aug Exc_741_4l    

22-Aug Exc_741_4r    

26-Aug (Exc_741_5l)  Reblast later  

26-Aug Exc_741_5r    

30-Aug   

1H, 1V, 2V, 

KP1V, KP2V, 

KP1H, KP2H 

31-Aug (Exc_741_5l) Reblast later  

31-Aug Exc_741_6r    

01-Sep   KP1H 

05-Sep Exc_741_5l 

 

 

05-Sep Exc_741_7r    

09-Sep   

1H, 2H, 1V, 

2V, KP1V, 

KP2V, KP1H, 

KP2H 

10-Sep Exc_741_6l    

10-Sep Exc_741_8r    

13-Sep   

1H, 2H, 1V, 

2V, KP1V, 

KP2V, KP1H, 

KP2H 

16-Sep Exc_741_7l    

16-Sep Exc_741_9r    

23-Sep   

KP1H(lång), 

KP2H 

25-Sep Exc_741_8l    

25-Sep Exc_741_10r    

26-Sep   

KP1V, KP2V, 

KP2H 

30-Sep   1V 
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Appendix 2 – Models of Calibration 

Model, Alphabetical order 

Dammsjon_2D_el_OeqL 

 Dammsjon_2D_el_OeqL_intfrict1 

 Dammsjon_2D_el_OeqL_intfrict10 

 Dammsjon_2D_el_OeqL_intfrict20 

 Dammsjon_2D_el_OeqL_intfrict5 

 Dammsjon_2D_el_OeqL_Lintf30_Qintf10 

 Dammsjon_2D_el_OeqL_Lintf30_Qintf5 

 Dammsjon_2D_el_OeqQeqL 

 Dammsjon_2D_el_OeqQeqL_reset_bottom 

 Dammsjon_2D_nointerf 

 Dammsjon_2D_pl_AllGSI+10 

 Dammsjon_2D_pl_LQGSI+10_OGSI_std 

 Dammsjon_2D_pl_O_ss_30_30 

 Dammsjon_2D_pl_O_ss_30_30_intfi_10 

 Dammsjon_2D_pl_O_ss_30_30_intfi_15 

 Dammsjon_2D_pl_O_ss_30_30_intfi_20 

 Dammsjon_2D_pl_O_ss_40_40_intfi_15 

 Dammsjon_2D_pl_O_ss_50_50 

 Dammsjon_2D_pl_O_ss_fi30_c1 

 Dammsjon_2D_pl_O_str-soft 

 Dammsjon_2D_pl_OeqL 

 Dammsjon_2D_pl_OeqL_AllGSImin10_Lintf30_Qintf10 

Dammsjon_2D_pl_OeqL_AllGSImin5_Lintf30_Qintf10 

 Dammsjon_2D_pl_OeqL_AllGSIplus10_Lintf30_Qintf10 

Dammsjon_2D_pl_OeqL_gravity 

 Dammsjon_2D_pl_OeqL_GSI_100 

 Dammsjon_2D_pl_OeqL_GSI_80 

 Dammsjon_2D_pl_OeqL_GSI_90 

 Dammsjon_2D_pl_OeqL_intf0 

 Dammsjon_2D_pl_OeqL_intf1 

 Dammsjon_2D_pl_OeqL_intf10 

 Dammsjon_2D_pl_OeqL_intf10_reset_all 

 Dammsjon_2D_pl_OeqL_intf15 

 Dammsjon_2D_pl_OeqL_intf20 

 Dammsjon_2D_pl_OeqL_intf25 

 Dammsjon_2D_pl_OeqL_intf5 

 Dammsjon_2D_pl_OeqL_Lintf10_Qintf1 

 Dammsjon_2D_pl_OeqL_Lintf10_Qintf5_reset_all 

 Dammsjon_2D_pl_OeqL_Lintf20_Qintf10 

 Dammsjon_2D_pl_OeqL_Lintf30_Qintf10 

 Dammsjon_2D_pl_OeqL_Lintf30_Qintf10_grav 

 Dammsjon_2D_pl_OeqL_Lintf30_Qintf5 

 Dammsjon_2D_pl_OeqL_OLGSIplus10_Qplus15_Lintf30_Qintf10 
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Dammsjon_2D_pl_OeqL_OLGSIplus10_Qplus15_Lintf30_Qintf5 

Dammsjon_2D_pl_OeqL_OLGSIplus10_Qplus15_Lintf30_Qintf8 

Dammsjon_2D_pl_OeqL_OLGSIplus10_Qplus20_Lintf30_Qintf10 

Dammsjon_2D_pl_OeqL_Omin10_LStd_Q15_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_Omin10_LStd_Q20_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_Omin15_LStd_Q20_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li15_Qi5 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li15_Qi5 

Dammsjon_2D_pl_OeqL_Omin20_20_LStd_Q20_Li15_Qi5 

Dammsjon_2D_pl_OeqL_Omin20_LStd_Q20_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_Omin25_LStd_Q20_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_Omin5_LStd_Q15_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_Oplus5_Lplus10_Qplus15_Lintf30_Qintf10 

Dammsjon_2D_pl_OeqL_Oplus5_Lplus10_Qplus15_Lintf30_Qintf5 

Dammsjon_2D_pl_OeqL_OStd_L10_Q15_Li10_Qi5 

 Dammsjon_2D_pl_OeqL_OStd_L10_Q15_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_OStd_L10_Q15_Li20_Qi5 

 Dammsjon_2D_pl_OeqL_Ostd_Lplus10_Qplus15_Lintf30_Qintf10 

Dammsjon_2D_pl_OeqL_OStd_Lplus10_Qplus15_Lintf30_Qintf5 

Dammsjon_2D_pl_OeqL_OStd_LStd_Q10_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_OStd_LStd_Q15_Li15_Qi5 

 Dammsjon_2D_pl_OeqL_QGSI70 

 Dammsjon_2D_pl_OeqL_QGSIplus10_Lintf30_Qintf10 

 Dammsjon_2D_pl_OeqL_QGSIplus15_Lintf30_Qintf10 

 Dammsjon_2D_pl_OeqL_QGSIplus5_Lintf30_Qintf10 

 Dammsjon_2D_pl_OeqL_reset_bottom 

 Dammsjon_2D_pl_OeqQeqL 

 Dammsjon_2D_pl_OeqQeqL_reset_bottom 

 Dammsjon_2D_pl_Oplus5_Lplus10_Qplus20_Lintf30_Qintf10 

Dammsjon_2D_pl_Oyoungs_55000 

 Dammsjon_2D_pl_QGSI-10 

 Dammsjon_2D_pl_std 

 Dammsjon_2D_pl_std_intfrict-10 

 Dammsjon_2D_pl_std_intfrict-5 

 

  
Geometry analysis 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W8m_H10m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W8m_H12m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W8m_H15m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W12m_H10m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W12m_H12m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W12m_H15m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W16m_H10m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W16m_H12m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W16m_H15m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W8m_H10m 
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Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W8m_H12m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W8m_H15m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W12m_H10m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W12m_H12m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W12m_H15m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W16m_H10m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W16m_H12m 

Dammsjon_2D_pl_OeqL_Omin15_OErmhalf_LStd_Q20_Li30_Qi5_W16m_H15m 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W8m_H10m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W8m_H12m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W8m_H15m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W12m_H10m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W12m_H12m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W12m_H15m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W16m_H10m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W16m_H12m_rill_mining 

Dammsjon_2D_pl_OeqL_Omin20_10_LStd_Q20_Li30_Qi5_W16m_H15m_rill_mining 
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Appendix 3 – Deformation 

 
Figure 96: Deformation due to excavation of bottom drift for all models with 8 meters width of orebody. 

 

 
Figure 97: Deformation due to excavation of top drift. 8 meters width of orebody, 10 meters rill bench height. 
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Figure 98: Deformation due to excavation of top drift. 8 meters width of orebody, 12 meters rill bench height. 

 

 
Figure 99: Deformation due to excavation of top drift. 8 meters width of orebody, 15 meters rill bench height. 
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Figure 100: Deformation due to excavation of bottom drift for all models with 12 meters width of orebody. 

 

 
Figure 101: Deformation due to excavation of top drift. 12 meters width of orebody, 10 meters rill bench height. 
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Figure 102: Deformation due to excavation of top drift. 12 meters width of orebody, 12 meters rill bench height. 

 

 
Figure 103: Deformation due to excavation of top drift. 12 meters width of orebody, 15 meters rill bench height. 
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Figure 104: Deformation due to excavation of bottom drift for all models with 16 meters width of orebody. 

 

 
Figure 105: Deformation due to excavation of top drift. 16 meters width of orebody, 10 meters rill bench height. 
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Figure 106: Deformation due to excavation of top drift. 16 meters width of orebody, 12 meters rill bench height. 

 

 
Figure 107: Deformation due to excavation of top drift. 16 meters width of orebody, 15 meters rill bench height. 
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Figure 108: Deformation due to excavation of bottom drift for all models with 8 meters width of orebody. 

 

 
Figure 109: Deformation due to excavation of top drift. 8 meters width of orebody, 10 meters rill bench height. 
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Figure 110: Deformation due to excavation of top drift. 8 meters width of orebody, 12 meters rill bench height. 

 

 
Figure 111: Deformation due to excavation of top drift. 8 meters width of orebody, 15 meters rill bench height. 
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Figure 112: Deformation due to excavation of bottom drift for all models with 12 meters width of orebody. 

 

 
Figure 113: Deformation due to excavation of top drift. 12 meters width of orebody, 10 meters rill bench height. 
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Figure 114: Deformation due to excavation of top drift. 12 meters width of orebody, 12 meters rill bench height. 

 

 
Figure 115: Deformation due to excavation of top drift. 12 meters width of orebody, 15 meters rill bench height. 

 

-11

-10

-9

-8

-7

-6

-5

-4

-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9

Case 2 - W12m_H12m 
Deformation due to Excavation of Top Drift     

Boundary

Deformation scale, 1 dm (for
comparison)

Deformation scale factor: 10

-11

-10

-9

-8

-7

-6

-5

-4

-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9

Case 2 - W12m_H15m 
Deformation due to Excavation of Top Drift     

Boundary

Deformation scale, 1 dm (for
comparison)

Deformation scale factor: 10



122 

 

 
 Figure 116: Deformation due to excavation of bottom drift for all models with 16 meters width of orebody. 

 

 
Figure 117: Deformation due to excavation of top drift. 16 meters width of orebody, 10 meters rill bench height. 
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Figure 118: Deformation due to excavation of top drift. 16 meters width of orebody, 12 meters rill bench height. 

 

 
Figure 119: Deformation due to excavation of top drift. 16 meters width of orebody, 15 meters rill bench height. 
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Table 46: Key displacements with corresponding relationships of the model; 8 meters width of orebody, 10 meters rill 

bench height. 

W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.061 0.061 0.145 0.216 0.019 0.017 

Total displacement [m] 0.121 0.361 0.035 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.4 3.6 3.2 3.6 7.8 12.9 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

Relationship [-] 1.0 0.7 1.1 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.089 -0.198 0.000 -0.014 

 
Table 47: Key displacements with corresponding relationships of the model; 8 meters width of orebody, 12 meters rill 

bench height. 

W8m_H12m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.062 0.061 0.165 0.216 0.019 0.017 

Total displacement [m] 0.123 0.381 0.036 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.7 3.6 3.3 3.6 8.7 12.9 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.0 0.8 1.1 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.107 -0.198 -0.001 -0.014 
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Table 48: Key displacements with corresponding relationships of the model; 8 meters width of orebody, 15 meters rill 

bench height. 

W8m_H15m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.062 0.061 0.206 0.216 0.020 0.017 

Total displacement [m] 0.122 0.422 0.037 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 3.3 3.6 3.1 3.6 10.4 12.9 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.0 1.0 1.2 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.166 -0.198 -0.002 -0.014 

 
Table 49: Key displacements with corresponding relationships of the model; 12 meters width of orebody, 10 meters 

rill bench height. 

W12m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.048 0.040 0.081 0.144 0.022 0.011 

Total displacement [m] 0.088 0.225 0.033 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.7 3.6 2.2 3.5 3.7 12.8 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.2 0.6 1.9 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.045 -0.132 0.000 -0.010 
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Table 50: Key displacements with corresponding relationships of the model; 12 meters width of orebody, 12 meters 

rill bench height. 

W12m_H12m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.056 0.041 0.114 0.142 0.025 0.012 

Total displacement [m] 0.097 0.256 0.037 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.0 3.5 2.3 3.3 4.6 11.7 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.4 0.8 2.0 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.070 -0.131 0.000 -0.009 

 
Table 51: Key displacements with corresponding relationships of the model; 12 meters width of orebody, 15 meters 

rill bench height. 

W12m_H15m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.066 0.041 0.159 0.142 0.025 0.012 

Total displacement [m] 0.107 0.301 0.037 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.4 3.5 2.7 3.3 6.4 11.7 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.6 1.1 2.1 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.109 -0.131 0.000 -0.009 
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Table 52: Key displacements with corresponding relationships of the model; 16 meters width of orebody, 10 meters 

rill bench height. 

W16m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.033 0.027 0.054 0.134 0.019 0.010 

Total displacement [m] 0.060 0.187 0.029 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.6 5.0 1.7 2.6 2.8 13.1 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.2 0.4 1.9 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.010 -0.116 0.001 -0.005 

 
Table 53: Key displacements with corresponding relationships of the model; 16 meters width of orebody, 12 meters 

rill bench height. 

W16m_H12m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.040 0.027 0.067 0.134 0.021 0.010 

Total displacement [m] 0.067 0.200 0.031 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.7 5.0 1.9 2.6 3.2 13.0 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.5 0.5 2.0 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.027 -0.116 0.000 -0.006 
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Table 54: Key displacements with corresponding relationships of the model; 16 meters width of orebody, 15 meters 

rill bench height. 

W16m_H15m Quartzite wall  Roof  Limestone wall  

Due to excavation of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.048 0.027 0.108 0.134 0.024 0.010 

Total displacement [m] 0.075 0.242 0.035 

  

  

  
Roof / Quartzite 

wall 

Quartzite wall / 

Limestone wall 

Roof / Limestone 

wall 

  Due to excavation of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.2 5.0 2.0 2.6 4.4 13.0 

  

  

Relation Top / Bottom Quartzite wall Roof  Limestone wall 

  

1.8 0.8 2.4 

  

  

Interface displacement 
Ore - Quartzite 

interface 

  

Ore - Limestone 

interface 

Due to excavation of: Top Bottom Top Bottom 

Vertical sliding [m] -0.060 -0.116 0.000 -0.006 
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Table 55: Key displacements with corresponding relationships of the model; 8 meters width of orebody, 10 meters rill 

bench height. 

W8m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.053 0.072 0.136 0.222 0.018 0.018 

Total displacement 

[m] 0.125 0.359 0.036 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.6 3.1 2.9 4.0 7.5 12.5 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

0.7 0.6 1.0 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.080 -0.195 0.000 -0.016 
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Table 56: Key displacements with corresponding relationships of the model; 8 meters width of orebody, 12 meters rill 

bench height. 

W8m_H12m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.052 0.072 0.155 0.222 0.018 0.018 

Total displacement 

[m] 0.124 0.377 0.036 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 3.0 3.1 2.9 4.0 8.7 12.5 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

0.7 0.7 1.0 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.100 -0.195 -0.002 -0.016 
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Table 57: Key displacements with corresponding relationships of the model; 8 meters width of orebody, 15 meters rill 

bench height. 

W8m_H15m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.048 0.072 0.168 0.222 0.017 0.018 

Total displacement 

[m] 0.120 0.390 0.035 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall 

/ Limestone 

wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 3.5 3.1 2.8 4.0 9.8 12.5 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

0.7 0.8 1.0 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding 

[m] 

-

0.124 -0.195 

-

0.003 -0.016 
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Table 58: Key displacements with corresponding relationships of the model; 12 meters width of orebody, 10 meters 

rill bench height. 

W12m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.042 0.051 0.072 0.171 0.024 0.014 

Total displacement 

[m] 0.093 0.243 0.038 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.7 3.4 1.8 3.7 3.0 12.4 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

0.8 0.4 1.7 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.037 -0.161 0.001 -0.009 
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Table 59: Key displacements with corresponding relationships of the model; 12 meters width of orebody, 12 meters 

rill bench height. 

W12m_H12m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.050 0.051 0.094 0.171 0.026 0.014 

Total displacement 

[m] 0.101 0.264 0.040 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.9 3.4 1.9 3.7 3.6 12.4 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

1.0 0.5 1.9 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.055 -0.161 0.001 -0.009 
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Table 60: Key displacements with corresponding relationships of the model; 12 meters width of orebody, 15 meters 

rill bench height. 

W12m_H15m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.059 0.051 0.131 0.171 0.025 0.014 

Total displacement 

[m] 0.109 0.302 0.038 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.2 3.4 2.4 3.7 5.3 12.4 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

1.2 0.8 1.8 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.081 -0.161 0.000 -0.009 
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Table 61: Key displacements with corresponding relationships of the model; 16 meters width of orebody, 10 meters 

rill bench height. 

W16m_H10m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.035 0.032 0.057 0.154 0.020 0.011 

Total displacement 

[m] 0.066 0.211 0.031 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.6 4.8 1.7 2.9 2.8 13.8 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

1.1 0.4 1.8 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.011 -0.140 0.001 -0.003 
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Table 62: Key displacements with corresponding relationships of the model; 16 meters width of orebody, 12 meters 

rill bench height. 

W16m_H12m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.040 0.032 0.067 0.154 0.024 0.011 

Total displacement 

[m] 0.072 0.220 0.035 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 1.7 4.8 1.7 2.9 2.8 13.8 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

1.3 0.4 2.2 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.024 -0.140 0.000 -0.003 
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Table 63: Key displacements with corresponding relationships of the model; 16 meters width of orebody, 15 meters 

rill bench height. 

W16m_H15m Quartzite wall  Roof  Limestone wall  

Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Displacement [m] 0.048 0.032 0.096 0.154 0.028 0.011 

Total displacement 

[m] 0.079 0.250 0.039 

  

  

  
Roof / 

Quartzite wall 

Quartzite wall / 

Limestone wall 

Roof / 

Limestone wall 

  Due to excavation 

of: Top Bottom Top Bottom Top Bottom 

Relationship [-] 2.0 4.8 1.7 2.9 3.4 13.8 

  

  

Relation Top / 

Bottom Quartzite wall Roof  Limestone wall 

  

1.5 0.6 2.5 

  

  

Interface 

displacement 
Ore - Quartzite 

interface 

  

Ore - 

Limestone 

interface 

Due to excavation 

of: Top Bottom Top Bottom 

Vertical sliding [m] -0.049 -0.140 0.000 -0.003 
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Appendix 4 – Analysis of Alternative Mining Geometries 

Case 1; 8 meters ore width 

 
Figure 120: Yielding for 8 meters ore width prior to excavation of the top drift. 

 

 
Figure 121: Yielding for 8 meters ore width with 10 meters bench height after excavation of the top drift. 
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Figure 122: Yielding for 8 meters ore width with 12 meters bench height after excavation of the top drift. 

 

 
Figure 123: Yielding for 8 meters ore width with 15 meters bench height after excavation of the top drift. 
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Figure 124: Horizontal stress (Sxx) for 8 meters ore width prior to excavation of the top drift. 

 

  
Figure 125: Horizontal stress (Sxx) for 8 meters ore width with 10 meters bench height after excavation of the top 

drift. 
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Figure 126: Horizontal stress (Sxx) for 8 meters ore width with 12 meters bench height after excavation of the top 

drift. 

 

  
Figure 127: Horizontal stress (Sxx) for 8 meters ore width with 15 meters bench height after excavation of the top 

drift. 
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Case 1; 12 meters ore width 

 
Figure 128: Yielding for 12 meters ore width prior to excavation of the top drift. Material parameters according to 

Case 1. 

 

 
Figure 129: Yielding for 12 meters ore width with 10 meters bench height after excavation of the top drift. Material 

parameters according to Case 1. 
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Figure 130: Yielding for 12 meters ore width with 12 meters bench height after excavation of the top drift. Material 

parameters according to Case 1. 

 

 
Figure 131: Yielding for 12 meters ore width with 15 meters bench height after excavation of the top drift. Material 

parameters according to Case 1. 
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Figure 132: Horizontal stress (Sxx) for 12 meters ore width prior to excavation of the top drift. Material parameters 

according to Case 1. 

 

  
Figure 133: Horizontal stress (Sxx) for 12 meters ore width with 10 meters bench height after excavation of the top 

drift. Material parameters according to Case 1. 
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Figure 134: Horizontal stress (Sxx) for 12 meters ore width with 12 meters bench height after excavation of the top 

drift. Material parameters according to Case 1. 

 

  
Figure 135: Horizontal stress (Sxx) for 12 meters ore width with 15 meters bench height after excavation of the top 

drift. Material parameters according to Case 1. 
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Case 1; 16 meters ore width 

 
Figure 136: Yielding for 16 meters ore width prior to excavation of the top drift. Material parameters according to 

Case 1. 

 

 
Figure 137: Yielding for 16 meters ore width with 10 meters bench height after excavation of the top drift. Material 

parameters according to Case 1. 
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Figure 138: Yielding for 16 meters ore width with 12 meters bench height after excavation of the top drift. Material 

parameters according to Case 1. 

 

 
Figure 139: Yielding for 16 meters ore width with 15 meters bench height after excavation of the top drift. Material 

parameters according to Case 1. 
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Figure 140: Horizontal stress (Sxx) for 16 meters ore width prior to excavation of the top drift. Material parameters 

according to Case 1. 

 

  
Figure 141: Horizontal stress (Sxx) for 16 meters ore width with 10 meters bench height after excavation of the top 

drift. Material parameters according to Case 1. 
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Figure 142: Horizontal stress (Sxx) for 16 meters ore width with 12 meters bench height after excavation of the top 

drift. Material parameters according to Case 1. 

 

  
Figure 143: Horizontal stress (Sxx) for 16 meters ore width with 15 meters bench height after excavation of the top 

drift. Material parameters according to Case 1. 
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Case 2; 8 meters ore width 

 
Figure 144: Yielding for 8 meters ore width prior to excavation of the top drift. Material parameters according to 

Case 2. 

 

  
Figure 145: Yielding for 8 meters ore width with 10 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 
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Figure 146: Yielding for 8 meters ore width with 12 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 

 

 
Figure 147: Yielding for 8 meters ore width with 15 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 
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Figure 148: Horizontal stress (Sxx) for 8 meters ore width prior to excavation of the top drift. Material parameters 

according to Case 2. 

 

  
Figure 149: Horizontal stress (Sxx) for 8 meters ore width with 10 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 
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Figure 150: Horizontal stress (Sxx) for 8 meters ore width with 12 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 

 

  
Figure 151: Horizontal stress (Sxx) for 8 meters ore width with 15 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 
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Case 2; 12 meters ore width 

 
Figure 152: Yielding for 12 meters ore width prior to excavation of the top drift. Material parameters according to 

Case 2. 

 

  
Figure 153: Yielding for 12 meters ore width with 10 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 

 



155 

 

  
Figure 154: Yielding for 12 meters ore width with 12 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 

 

 
Figure 155: Yielding for 12 meters ore width with 15 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 
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Figure 156: Horizontal stress (Sxx) for 12 meters ore width prior to excavation of the top drift. Material parameters 

according to Case 2. 

 

  
Figure 157: Horizontal stress (Sxx) for 12 meters ore width with 10 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 
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Figure 158: Horizontal stress (Sxx) for 12 meters ore width with 12 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 

 

  
Figure 159: Horizontal stress (Sxx) for 12 meters ore width with 15 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 
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Case 2; 16 meters ore width 

 
Figure 160: Yielding for 16 meters ore width prior to excavation of the top drift. Material parameters according to 

Case 2. 

 

  
Figure 161: Yielding for 16 meters ore width with 10 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 
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Figure 162: Yielding for 16 meters ore width with 12 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 

 

 
Figure 163: Yielding for 16 meters ore width with 15 meters bench height after excavation of the top drift. Material 

parameters according to Case 2. 
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Figure 164: Horizontal stress (Sxx) for 16 meters ore width prior to excavation of the top drift. Material parameters 

according to Case 2. 

 

  
Figure 165: Horizontal stress (Sxx) for 16 meters ore width with 10 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 
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Figure 166: Horizontal stress (Sxx) for 16 meters ore width with 12 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 

 

  
Figure 167: Horizontal stress (Sxx) for 16 meters ore width with 15 meters bench height after excavation of the top 

drift. Material parameters according to Case 2. 
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Appendix 5 – Four Consecutive Levels of Rill Mining 

Case 1; 8 meters ore width with 10 meters bench height 

 
Figure 168: Yielding for the first of four consecutive levels of rill mining. 8 meters wide orebody and a bench height of 

10 meters. 

 

  
Figure 169: Yielding for the second of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 10 meters. 
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Figure 170: Yielding for the third of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 10 meters. 

 

  
Figure 171: Yielding for the fourth of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 10 meters. 
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Figure 172: Horizontal stress for the first of four consecutive levels of rill mining. 8 meters wide orebody and a bench 

height of 10 meters. 

 

  
Figure 173: Horizontal stress for the second of four consecutive levels of rill mining. 8 meters wide orebody and a 

bench height of 10 meters. 
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Figure 174: Horizontal stress for the third of four consecutive levels of rill mining. 8 meters wide orebody and a bench 

height of 10 meters. 

 

   
Figure 175: Horizontal stress for the fourth of four consecutive levels of rill mining. 8 meters wide orebody and a 

bench height of 10 meters. 
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Case 1; 8 meters ore width with 12 meters bench height 

 
Figure 176: Yielding for the first of four consecutive levels of rill mining. 8 meters wide orebody and a bench height of 

12 meters. 

 

 
Figure 177: Yielding for the second of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 12 meters. 
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Figure 178: Yielding for the third of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 12 meters. 

 

 
Figure 179: Yielding for the fourth of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 12 meters. 
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Figure 180: Horizontal stress for the first of four consecutive levels of rill mining. 8 meters wide orebody and a bench 

height of 12 meters. 

 

  
Figure 181: Horizontal stress for the second of four consecutive levels of rill mining. 8 meters wide orebody and a 

bench height of 12 meters. 

 



169 

 

  
Figure 182: Horizontal stress for the third of four consecutive levels of rill mining. 8 meters wide orebody and a bench 

height of 12 meters. 

 

  
Figure 183: Horizontal stress for the fourth of four consecutive levels of rill mining. 8 meters wide orebody and a 

bench height of 12 meters. 
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Case 1; 8 meters ore width with 15 meters bench height 

 
Figure 184: Yielding for the first of four consecutive levels of rill mining. 8 meters wide orebody and a bench height of 

15 meters. 

 

  
Figure 185: Yielding for the second of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 15 meters. 
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Figure 186: Yielding for the third of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 15 meters. 

 

  
Figure 187: Yielding for the fourth of four consecutive levels of rill mining. 8 meters wide orebody and a bench height 

of 15 meters. 
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Figure 188: Horizontal stress for the first of four consecutive levels of rill mining. 8 meters wide orebody and a bench 

height of 15 meters. 

 

  
Figure 189: Horizontal stress for the second of four consecutive levels of rill mining. 8 meters wide orebody and a 

bench height of 15 meters. 
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Figure 190: Horizontal stress for the third of four consecutive levels of rill mining. 8 meters wide orebody and a bench 

height of 15 meters. 

 

  
Figure 191: Horizontal stress for the fourth of four consecutive levels of rill mining. 8 meters wide orebody and a 

bench height of 15 meters. 
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Case 1; 12 meters ore width with 10 meters bench height 

 
Figure 192: Yielding for the first of four consecutive levels of rill mining. 12 meters wide orebody and a bench height 

of 10 meters. 

 

  
Figure 193: Yielding for the second of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 10 meters. 
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Figure 194: Yielding for the third of four consecutive levels of rill mining. 12 meters wide orebody and a bench height 

of 10 meters. 

 

  
Figure 195: Yielding for the fourth of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 10 meters. 
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Figure 196: Horizontal stress for the first of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 10 meters. 

 

  
Figure 197: Horizontal stress for the second of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 10 meters. 
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Figure 198: Horizontal stress for the third of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 10 meters. 

 

  
Figure 199: Horizontal stress for the fourth of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 10 meters. 
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Case 1; 12 meters ore width with 12 meters bench height 

 
Figure 200: Yielding for the first of four consecutive levels of rill mining. 12 meters wide orebody and a bench height 

of 12 meters. 

 

  
Figure 201: Yielding for the second of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 12 meters. 
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Figure 202: Yielding for the third of four consecutive levels of rill mining. 12 meters wide orebody and a bench height 

of 12 meters. 

 

  
Figure 203: Yielding for the fourth of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 12 meters. 
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Figure 204: Horizontal stress for the first of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 12 meters. 

 

  
Figure 205: Horizontal stress for the second of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 12 meters. 
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Figure 206: Horizontal stress for the third of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 12 meters. 

 

   
Figure 207: Horizontal stress for the fourth of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 12 meters. 
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Case 1; 12 meters ore width with 15 meters bench height 

 
Figure 208: Yielding for the first of four consecutive levels of rill mining. 12 meters wide orebody and a bench height 

of 15 meters. 

 

  
Figure 209: Yielding for the second of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 15 meters. 
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Figure 210: Yielding for the third of four consecutive levels of rill mining. 12 meters wide orebody and a bench height 

of 15 meters. 

 

  
Figure 211: Yielding for the fourth of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 15 meters. 
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Figure 212: Horizontal stress for the first of four consecutive levels of rill mining. 12 meters wide orebody and a bench 

height of 15 meters. 

 

  
Figure 213: Horizontal stress for the second of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 15 meters. 

 



185 

 

  
Figure 214: Horizontal stress for the third of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 15 meters. 

 

  
Figure 215: Horizontal stress for the fourth of four consecutive levels of rill mining. 12 meters wide orebody and a 

bench height of 15 meters. 
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Case 1; 16 meters ore width with 10 meters bench height 

 
Figure 216: Yielding for the first of four consecutive levels of rill mining. 16 meters wide orebody and a bench height 

of 10 meters. 

 

  
Figure 217: Yielding for the second of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 10 meters. 
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Figure 218: Yielding for the third of four consecutive levels of rill mining. 16 meters wide orebody and a bench height 

of 10 meters. 

 

  
Figure 219: Yielding for the fourth of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 10 meters. 
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Figure 220: Horizontal stress for the first of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 10 meters. 

 

  
Figure 221: Horizontal stress for the second of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 10 meters. 
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Figure 222: Horizontal stress for the third of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 10 meters. 

 

  
Figure 223: Horizontal stress for the fourth of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 10 meters. 
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Case 1; 16 meters ore width with 12 meters bench height 

 
Figure 224: Yielding for the first of four consecutive levels of rill mining. 16 meters wide orebody and a bench height 

of 12 meters. 

 

  
Figure 225: Yielding for the second of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 12 meters. 
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Figure 226: Yielding for the third of four consecutive levels of rill mining. 16 meters wide orebody and a bench height 

of 12 meters. 

 

  
Figure 227: Yielding for the fourth of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 12 meters. 
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Figure 228: Horizontal stress for the first of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 12 meters. 

 

  
Figure 229: Horizontal stress for the second of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 12 meters. 
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Figure 230: Horizontal stress for the third of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 12 meters. 

 

  
Figure 231: Horizontal stress for the fourth of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 12 meters. 
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Case 1; 16 meters ore width with 15 meters bench height 

 
Figure 232: Yielding for the first of four consecutive levels of rill mining. 16 meters wide orebody and a bench height 

of 15 meters. 

 

  
Figure 233: Yielding for the second of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 15 meters. 
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Figure 234: Yielding for the third of four consecutive levels of rill mining. 16 meters wide orebody and a bench height 

of 15 meters. 

 

  
Figure 235: Yielding for the fourth of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 15 meters. 
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Figure 236: Horizontal stress for the first of four consecutive levels of rill mining. 16 meters wide orebody and a bench 

height of 15 meters. 

 

  
Figure 237: Horizontal stress for the second of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 15 meters. 
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Figure 238: Horizontal stress for the third of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 15 meters. 

 

  
Figure 239: Horizontal stress for the fourth of four consecutive levels of rill mining. 16 meters wide orebody and a 

bench height of 15 meters. 

 


