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Abstract 

The Garpenberg mine, owned by the Boliden Mining group, has established a trial area 

at Dammsjön orebody in order to examine the possibility of increasing the productivity of 

the mine. The mine uses the rill mining method with a current rill height of 15 m. In order 

to increase the productivity, the mine is examining the possibility of increasing the height 

of the rill.  

The trial area is located at 882 m depth surrounded by dolomite on the hangingwall and 

quartzitic rock on the footwall side. Rock support arches have been installed, in addition 

to the regular support pattern, to test their effectiveness on stabilizing the ground around 

the drifts. The arches have been installed in every 6 m and every 3 m in different parts of 

the test area.  

Rock samples from the trial area were brought to the university laboratory for testing. 

The data gathered from the laboratory tests along with the data from the monitoring of 

the trial area were used to develop a calibrated numerical model. A three-dimensional   

(3-D) model was therefore created, by using the FLAC3D numerical code.  

After the calibration of the model a parametric study was conducted for different rill 

heights and different arch spacing to investigate the performance of the arches. 

Specifically, the case of no arch installation along with the cases of an installed arch 

every 6 m and 3 m were tested, for the rill heights of 15 m, 20 m, 25 m and 30 m.  

The study concluded that the arches assisted in reducing the ground convergence in the 

bottom drift. The results also showed that the total height of the rill bench yields 

regardless of its height. After the yielding, the rockmass can no longer support itself and 

caves under its own weight. The larger the rill height, the larger the volume of loose rock 

that has to be supported and thus, higher the convergence. Furthermore, it was also 

observed that, significant amount of convergence in the bottom drift occurred during the 

drifting of the top drift and less during the stoping of the rill bench. This indicates that, the 

timely installation of the arches is an important criterion for their performance. 
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1 Introduction 

1.1 Background 
The concept of pressure arches was originally developed for stratified rocks in the 1930s 

(Li, 2006). Nowadays, it is observed that natural pressure arches tend to develop above 

every mining excavation, thus transferring the loads to the two abutments of the arches. 

In cases that the natural pressure arch is located far from the roof of the excavation or in 

cases of weak rock mass in a high in situ stress field, the rock close to the excavation 

boundary is likely to fail. In occasions like these it is possible to stabilize the rock mass 

by creating an artificial pressure arch within the failure zone through systematic bolting. 

The Swedish underground mines have used an advanced variation of this ground 

support technique called rock support arches in potentially unstable areas. Although, the 

effects of the bolt-shotcrete arches have been proven empirically throughout the years of 

practice the mechanics of the arches have not yet been fully understood. Therefore, the 

design of the arches has been based on engineering judgment and experience. To 

improve and optimize the supporting effect of the arches the interaction between the arch 

and the surrounding rock mass must be understood.  

The analysis is based on data from Boliden’s Garpenberg mine which utilizes the rill 

mining method. The rill mining method is a modified hybrid version of Avoca and cut-and-

fill methods. The method was initially developed in Austria in the 1960’s. It is now 

commonly used by Boliden in mining of its several deposits in Sweden where poor 

ground conditions require continuous backfilling to support the stopes. The initial 

development consists of two parallel drifts along the orebody; the bottom drift and the top 

drift. The ore between the drifts is then blasted in stages. After each blasting round, the 

ore “rills” of the back of the backfill in order to be retrieved from the bottom drift 

(production drift). This mining method often restricts the rill bench height to 10-15 m so 

as not to expose the open stopes to high walls which comprise of highly altered weak 

rock. However, it has been routinely observed from Boliden’s mines that, much of the 

ground deformations occur during the early stages when the bottom and top drifts are 

developed and significantly diminishes during stoping of the rill benches. This 

observation provided an opportunity to evaluate the option to raise the rill bench heights, 

increasing the productivity of the mine, without compromising the stability of the stopes, 

however, with additional reinforcement provided by rock support arches. 
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1.2 Scope and objectives 
The primary scope of the current study is the examination of the interaction between the 

rockmass and the rock support in a highly stressed environment and the effect of the 

rock support arches on the rockmass around the drifts. Specifically, the displacements 

on the walls and the roof of the drifts as well as the behavior of the rock support 

elements will be closely examined for different rock support scenarios and rill bench 

heights. Currently, the used rill height in rill mining as practiced by Boliden is limited to 15 

m because of the ground conditions; weak rock and high stresses. By installing optimally 

spaced rock support arches, stable ground conditions can be achieved thereby 

permitting the rill heights to be raised. The main objectives of this master thesis is to 

improve the knowledge of the performance characteristics of the shotcrete - rockbolt 

arches, evaluate the effectiveness of the arches in stabilizing the ground conditions and 

demonstrate whether it is feasible to raise rill heights  beyond the current practice or not. 

1.3 Methodology 
A literature review in combination with a full-scale field trial at Garpenberg mine were 

conducted prior to the numerical study.  

The data from the field trial were gathered during the development of two new drifts at an 

established test area at a depth of 882 m. These drifts were supported by bolt-shotcrete 

arches with different spacing (6 m and 3 m) and are designed to be the first drifts of two 

new test mining cells with increased rill bench height.  

The field trial has three key scopes: (i) instrumentation and ground deformation 

monitoring in the trial stope, (ii) numerical simulation and analyses to guide the field trial 

and model calibration by using the monitoring data (iii) application of numerical modelling 

results and guidance on rill bench height and ground support procedures. 

The deformations along the entire length of the drifts were monitored by the use of 

prisms and total station surveys. The row data from the investigation were processed, 

analyzed and utilized for the calibration of the numerical model. 

The numerical code FLAC3D was used to simulate the response of the rock excavations 

with and without the installation of rock support arches. After the calibration of the model, 

a parametric study took place for various rill stope heights (15 m, 20 m, 25 m and 30 m) 

and for different spacing between the rock support arches (6 m, 3 m and no arches) in 

order to determine whether an increase on the height of the stope is possible.   
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2 Mine Description 

2.1 General Information 
The Garpenberg mine is located 200 km northwest of Stockholm in the historic mining 

district of Bergslagen in the municipality of Hedemora (Figure 1).The mine is owned by 

the Boliden mining group and currently employs more than 330 people and around 100 

more are employed indirectly (Boliden Mineral AB, 2011). In 2018, around 2.622 ktonnes 

of ore were mined and processed to form metal concentrates containing zinc, copper, 

lead, gold and silver (Boliden Mineral AB, 2019). 

 

Figure 1: Mine location (www.kartor.eniro.se, 2019) 

The mining in the area began approximately at the 13th century however; evidence of 
mining activity can be traced back to 400 BC making it the oldest mining operation in 
Sweden. The present operations started in 1950-1953, when AB Zinkgruvor developed a 
new main shaft and concrete headframe. Boliden acquired the mine in 1957 and 
completed the development of a second shaft in 1972, accessing the 800 m level at 
Garpenberg North, having a hoisting capacity of 850.000 t/y and effectively creating a 
second and larger mine. The modern mining started in 1908 when the Ryllshyttan 
concentrator was built. In 1972, the new mining field Garpenberg North (Garpenberg 
norra) was taken into production and in 2007 a new paste fill plant was built (Boliden 
Mineral AB, 2011). The current view of the mine is illustrated in Figure 2. 

http://www.kartor.eniro.se/
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Figure 2: Aerial photo of Garpenberg mine (Gotthardsson J., 2015) 

The Garpenberg mine consists in total of 6 separate ore bodies: Dammsjön, Lappberget, 

Strandmalmen, Kaspersbo, Gransjön and Garpenberg North. Nowadays, the 

Strandmalmen orebody is depleted while the Gransjön and Garpenberg North orebodies 

are almost mined out as well. On the other hand, the Dammsjön, Lappberget, and 

Kaspersbo orebodies hold the biggest potential for the future of the mining operations in 

the area (Boliden Mineral AB, 2011) (Figure 3). 

 

Figure 3: Orebodies of Garpenberg mine (Gotthardsson J., 2015) 
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2.2 Geology 

2.2.1 Garpenberg Geology  

The Garpenberg region comprises an inlier of metavolcanic rocks with subordinate 
marble horizons, enclosed by early orogenic granites (Figure 4). The supracrustal rocks 
occupy a north east trending, mainly steeply northeast to southwest plunging, tight to 
isoclinal syncline. In detail, the syncline has a complex geometry due to many parasitic 
folds and faults. Axial surfaces to the folds are inclined steeply to the southeast, and the 
southeast limb of the main syncline is truncated by a major northeast trending shear 
zone that also dips southeast and has shear sense indicators that record reverse dip slip 
displacement. The supracrustal succession northwest of the fault has a stratigraphic 
thickness of about 2 km, is of lower amphibolite facies metamorphic grade and hosts the 
Garpenberg ore deposits. Rocks on the south east side of the fault are undifferentiated 
metavolcanic rocks that appear to be of higher metamorphic grade, but still amphibolite 
facies (SGU, 2013). 
 

 

Figure 4: Geological map of Garpenberg (Allen et al., 2003) 

The main host rock is calcitic marble (limestone) altered sporadically to dolomite. The 

footwall comprises strongly phlogopite-biotite-cordierite-sericite-quartz altered felsic 

volcaniclastic rocks, whereas the hanging-wall comprises relatively unaltered 

volcaniclastic and sedimentary rocks and dacitic intrusions. The stratigraphic succession 

is attributed to the volcanic cycle of a felsic caldera complex, and includes rhyolitic to 

dacitic, juvenile pumiceous, graded mass-flow breccia deposits and rhyolitic to dacitic 

ash-siltstone and sandstone in the footwall, and polymict conglomerates and juvenile, 

rhyolitic, pumiceous breccias in the hanging-wall. These pumiceous breccias in the 
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hanging-wall record a climactic eruption that formed a caldera over 500m deep and over 

9 km in diameter in the Garpenberg area. The limestone hosting the ore is interpreted as 

a stromatolitic carbonate platform, formed in a shallow, marine environment during a 

hiatus in volcanism. Mineralisation is mainly of replacement style and is likely to have 

taken place where metal-bearing fluids penetrated up along synvolcanic, extensional 

faults and came in contact with reactive limestone to form large, massive sulphide 

bodies. The exact timing and the depth below the sea floor that this mineralizing process 

took place is still unknown (Högnäs, 2018). 

2.2.2 Dammsjön Orebody Local Geology 

The ore of the Dammsjön orebody consists of a complex pyrite mineralization. The 

sporadic existence of talc, flogopit, chlorite, mica and shale create areas, within the 

orebody, with various mechanical characteristics and strength properties. The 

approximately 600 m long and 8 m wide orebody has an average dip of 85° degrees 

towards North-West (Nyström, 2010).  

The almost vertical orebody is surrounded by limestone on the hangingwall side and 

quartzitic rock on the footwall side. The limestone is average grained to fine grained and 

its mechanical characteristics vary from moderate to high. Close to the test area, the 

limestone has been altered to fine grained dolomite. The quartzitic rock consist mainly 

from quartz along with other minerals like mika, biotite phlogopite etc. The footwall side 

has poorer mechanical characteristics than the hangingwall side (Fagerström, 2007). 

The contact plane between the ore and the hangingwall is well defined with poor 

mechanical characteristics while the contact plane between the ore and the footwall is 

vaguer however, with similar mechanical characteristics. Both planes contain talc while 

the footwall contact has traces of chlorite as well (Nyström, 2010).  

2.3 Stress Field 
The magnitude and the direction of the in-situ stresses were estimated from overcoring 

measurements at the Garpenberg North-mine at a depth of 883 m. The values that were 

used for the trial area in the Dammsjön orebody are summarized in Table 1. 

Table 1: In situ stress field (Nilssen, 2004) 

Stress 
 

Relation to 
depth (m) 

 

Magnitude at 
trial area 

(MPa) 

Trend (°) Plunge (°) 

σzz=σv         23.8 242.1 63.4 

σxx=σH         44.8 126.2 12.2 

σYY=σh         18.5 31.2 23.2 

It is assumed that the principal stresses are acting perpendicular and parallel to the strike 

of the orebody (Nilssen, 2004). The orientation of the major principal stress in relation to 

the strike of the orebody can be seen in Figure 5.  
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Figure 5: Orientation of the major principal stress with respect to the strike of the orebody (Storvall, 2012) 

This assumption has been confirmed by observations in nearby ventilation shafts where 

the location of spalling failures indicate that the direction of the major principal stress is 

perpendicular to the orebody (Figure 6) (Nyström, 2012). 

 

Figure 6: Spalling inside ventilation shaft nearby the Dammsjön orebody (modified from Nyström, 2012) 
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3 Rill Mining 

3.1 Method Description 
The Rill mining method is family of the stope and fill method, however, its origination is a 

modification of the traditional Avoca and cut-and-fill methods.. The method was initially 

developed in Austria in the 1960’s and used in a large iron orebody, however, it is most 

commonly used in narrow, regularly shaped veins with moderate to steep plunge. It can 

achieve approximate extraction ratios of 75%. However, it requires at least moderate to 

strong orebody and host rock (Ayres da Silva et. Al, 1996). 

The initial development consists of two parallel drifts along the orebody; the bottom drift 

(production drift) and the top drift. The ore between the drifts (rill bench), is then blasted 

in stages with vertical or slightly inclined production boreholes. The blasting starts at the 

end of the orebody and retreats progressively (Figure 7). After each blasting round the 

ore is mucked by LHDs from the bottom drift and directly after the gap is backfilled from 

the top drift (Hustrulid, 2001). The backfill usually consists of waste rock that stabilizes at 

approximately 45° while it forms a “rill” into the draw point. A stable, steep slope is 

important in order to minimize dilution (Atlas Copco, 2007). 

 

Figure 7: Rill mining operation (Modified from Atlas Copco, 2007) 

When the whole rill bench is blasted, mucked and backfilled the current top drift becomes 

the lower drift for the next excavation phase and a new top drift has to be excavated in 

order for the operations to be repeated (Figure 8).  
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Figure 8: Rill mining excavation sequence (Hustrulid, 2001) 
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During the rill mining process various complex rock mechanical aspects have to be taken 
into consideration. Due to the mining sequence a stress concentration is expected in the 
lower corner of the rill bench when half of the bench has been mined and the front has 
the maximum distance from the sidewalls. Therefore, stress related failures are firstly 
expected to appear at the lower corner of the bench and then to the roof of the stope 
(Rådberg, 1993). Additionally, special attention must be given to the width of the sill 
pillars between the mining areas. The reason for that is that since the waste rock cannot 
transfer any stresses, due to its significantly lower stiffness, the sill pillars can become 
heavily loaded if their width is not sufficient (Figure 9).  
 

 
Figure 9: Load distribution in rill mining (Sjöberg., 1993) 
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3.2 Dammsjön Orebody 
The typical dimensions of the drifts in the Dammsjön orebody are 8 m in width (ore width) 

and 5 m in height. The bench height is approximately 10 m forming a rill mining stope of 

about 15 m in height (Rill bench and one drift). The rill mining stope is defined as the 

configuration that is repeated as the mining sequence continues upwards (Figure 10).  

 

Figure 10: Rill Mining in Dammsjön 

3.2.1 Trial Area 

The trial area has been established at 882 m below ground level (882V). From the 

crosscut at that level there are two production stopes initiating towards the “right” and the 

“left” side (Figure 11). The height of the rill bench at the trial area is 20 m forming a rill 

mining stope of 25 m. 

 

Figure 11: Entrance at trial area 
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Each production stope has a typical length of 100 m resulting in a total stope length of 

approximately 200 m. Apart from the routine ground support, shotcrete – rockbolt arches 

have been installed in these two drifts to monitor their effect on the drift displacements 

and overall ground stability. Different support patterns were used in the two stopes in 

order to determine the most effective installation pattern. On the “right” drift the arches 

were installed with 3 m spacing while on the “left” drift with 6 m spacing (Figure 12).  The 

blue lines represent shotcrete - rockbolt arches, while the red lines represent rockbolt 

arches (without extra shotcrete). 

 

Figure 12: Trial area rock- support arch placement plan 

3.2.2 Conceptual Model 

In order to model the trial area and the rill mining sequence in an effective way, certain 

simplification had to be made. Figure 13 depicts the drifts of the trial area at the depth of 

882 m. With this conceptual model the two drifts were considered perfectly orthogonal 

with a length of 100 m and a width of 8 m each. In that way the model is symmetrical 

relatively to the axis x’x and only one of the two drifts need be modeled saving significant 

computation time. From the conceptual model are also clear the two different support 

patterns with which the two drifts have been supported. The shotcrete – rockbolt arches 

have been installed with 6 m spacing at the “left” drift while they are denser at the “right” 

drift with 3 m spacing. The arches are installed up to at least half the length of the drift. 

The first 4 or 5 arches from entry are shotcrete - rockbolt (blue lines) and the next round 

of arches consist only of rockbolts (red lines). Apart from the arches the whole length of 

both drifts is supported following the routine installation pattern. 
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Figure 13: Conceptual model of trial area support plan 

 

Figure 14 depicts the conception of the whole model where the bottom drift (production 

drift) corresponds to the trail area. The height of the drifts is 5 m while the height of the 

bench is 20 m forming a total rill height of 25 m. 

 

Figure 14: Conceptual model of Rill Mining in the trial area. Left: front view, Right: side view 
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4 Rock reinforcement 

4.1 Pressure Arches 

4.1.1 Natural Pressure Arches 

The concept of the natural pressure arches was initially developed in stratified rock 

masses in the early 1930s. Natural pressure arches are believed to be developed above 

every mining excavation, transferring load to the two abutments of this pressure arch. A 

simplified case it is represented in Figure 15 where the roof of the excavation is 

composed of two separate rock blocks formed by three distinctive vertical fracture 

planes. In this case the direct vertical movement of the rock blocks is restricted due to 

the friction of the two outer fracture planes forcing the blocks to rotate and press each 

other at the upper part of the central fracture plane and the bottom part of the two outer 

fracture planes. These pressure points create a pressure arch that in many cases it is 

capable of stabilizing the rock (Li, 2017). 

 

Figure 15: Natural pressure arch formed in laminated rock mass (Li , 2017) 

 

4.1.2 Artificial Pressure Arches 

In cases that the natural pressure arch is located far from the roof of the excavation or in 

cases of weak rock mass in a high in situ stress field, the rock close to the excavation 

boundary is likely to fail. In occasions like these it is possible to stabilize the rock mass 

by constructing an artificial pressure arch within the failure zone. 
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Figure 16: Reinforced area by an individual rock bolt (Li, 2006) 

 

A single installed rockbolt can reinforce effectively only a small volume of rock mass that 

is located in a specific angle to the bolt (Figure 16). However, if the rock bolts are located 

close enough with each other their reinforced areas will overlap creating an interaction 

zone within the failed rock establishing an artificial pressure arch (Figure 17). 

 

                   

Figure 17: Formation of an artificial pressure arch within the failure zone (Modified from Stillborg , 1994) 
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The load bearing capacity of an artificial arch can be estimated by (Krauland, 1983 & 

Sihna, 1989): 

           
 

 
   

Where, 

    : The maximum load bearing capacity of the arch  

k: Coefficient k is proportional to the moment arm length in the pressure arch. 

Approximately 0.9 (Wright, 1972) 

  : The Uniaxial Compressive Strength of the rock  

e: The thickness of the rockbolt interaction 

B: The span of the excavation 

4.2 Routine Installation 
The standard support pattern at the trial site and elsewhere in the mine consists of 2.7 m 

long grouted rebars installed with a spacing of 1 m in and out of plane. The spacing of 1 

m is measured at the tip of the bolts and not at the walls of the excavation (Figure 18).  

The diameter of the rockbolts is 25 mm and the thickness of the shotcrete is defined at 5  

cm.  

 

Figure 18: Routine installation pattern 

 

 

 



Rock reinforcement 

22 
 

4.3 Rock support Arches 
The rock support arches consist of a combination of shotcrete and rockbolts (shotcrete – 

rockbolts arches) and are installed in addition to the routine support as shown in Figure 

19. The in plane spacing of the rockbolts is 0.75 m while the out of plane spacing can be 

3 m or 6 m. This is done to determine the optimum spacing between the arches for future 

implementation with taller benches. The thickness of the shotcrete at the arches is 

doubled to 10 cm and the width is 1 m (Figure 20).  

 

Figure 19: Side view of routine installation (right) and the arches installation (left) patterns 

 

 

Figure 20: Arches installation pattern 
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4.4 Mechanical Properties 
The mechanical properties of the rockbolts, the shotcrete and the backfill are 

summarized in the following table (Table 2). 

Table 2: Rock Support Mechanical Properties (Malmgren ,2005, DSI, 2012 & Saiang, 2014) 

Mechanical Parameters 
 

Rockbolts Shotcrete Backfill 

Modulus, E (GPa) 200 20 0.1 

Poisson’s ratio, ν --- 0.25 0.3 

Density, ρ (t/m
3
) 7.8 2.7 2.7 

Yielding load (kN) 246 --- --- 

Tensile load (kN) 270 --- --- 

Rockbolt grout cohesion 
(MPa) 

1.0 --- --- 

Rockbolt grout friction (°) 25 --- --- 

Rockbolt grout stiffness (MPa) 60 --- --- 

Cohesion (MPa) --- 3.72 0.01 

Friction (°) --- 44 36 

 

4.5 Monitoring 
Figure 21 depicts the profiles that were selected for calibration of the model. From the 
right side, the arches 4 & 6 were selected with names HB4 and HB6 correspondingly. 
The arches were selected close to the entrance of the drifts for the displacements to be 
monitored throughout the excavation of the drift. However, the arches at the very 
beginning of the drift were avoided due to the possible effect of boundary effects on the 
model results. From the right side of the drift the arch HB4 was selected due to the high 
number of monitoring points at the Hangingwall and the Footwall. The arch HB6 was 
used for the calibration of the displacements at the roof. In order to avoid the effect of 
any local irregularities the arch HB3 from the left side of the drift was also used for 
validation. 

 

 

Figure 21: Profiles selected for calibration 
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5 Rock Mass Properties 
The main rock mass properties were acquired from Storvall (2013). However, the values 

were updated in accordance to the new laboratory tests that were conducted. 

5.1 Point Load Test 
The point load test (PLT) is a rock mechanics testing procedure used for the 

determination of a rock strength index (Is). This index can be utilized for the estimation of 

other rock strength parameters including the uniaxial compressive strength. With this 

procedure specimens of block, core or irregular shape can be tested.  

The PLT apparatus is typically comprised by a load cell, a loading frame, two conical 

steel platens, a manual control handle and a measuring system for indicating the load 

(Figure 22). 

 

Figure 22: Point Load Test Apparatus (Masanori & Hiroyuki, 2018) 

The sample is placed between the platens, in a way that the loading is applied at the 

middle of the sample and along its diameter (Figure 23). Then the pressure is increased 

gradually and the failure must occur between 10–60 sec (ISRM, 1985). The required 

pressure leading the sample to failure is recorded.  
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Figure 23: Different types of Point Load Test, with the according geometry specifications (ISRM, 1985): (a) 
Diametral Test, (b) Axial Test, (c) Block Test and (d) Irregular Lump Test. Note: L= length, W= width, D= 

diameter/depth and De= Equivalent core diameter. 

 

The test is acceptable only if the failure surface passes through both loading points 

(Figure 24). 

 

Figure 24: (a) Acceptable and (b) Not acceptable failure surfaces (Nomikos, 2015) 

If the test is successful, the point load index (Is) can be calculated according to the 

relation: 

    
 

   
 

 

P is the load at failure (N) and De is equivalent diameter of the sample (mm) which is 

equal with the diameter of the sample in the case of diametrical test or    
     

 
, in 
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case of axial, block or irregular shape test. For the result to be comparable for specimens 

with different diameters the Is index has to be adjusted. The adjusted index (Is (50)) is 

defined as the value that the Is index would have if the specimen’s diameter was 50 mm 

and is calculated by the equation: 

            

Where F is the “Size correction Factor” given from the expression: 

    
  

  
      

The average value of the Is(50) index is calculated as the mean value of at least 10 

acceptable tests, where the two largest and the two smallest values are excluded. For 

the correlation of the point load index with the unconfined strength of the rock various 

expressions have been proposed for different types of rock material (ISRM, 1985). 

5.2 Hangingwall (Dolomite) 
The uniaxial compressive strength of the dolomite was determined in the lab. The point 

Load Test was used since it is the only test suitable for samples of irregular shapes.  

The mean value of the size corrected Point Load Strength (Is (50)) was measured at 

Is(50)= 4,26 MPa. For the correlation of the Is (50) with the UCS, specifically for dolomite, 

two different formulas were used (Table 3). 

Table 3: Is(50) – UCS correlation 

Formula UCS (MPa) Reference 

                     110.42 Akram & Bakar, 2007 

             111.01 Cargill & Shakoor, 1990 

 

The values of the UCS calculated with the two different formulas have a small deviation 

from each other, so they can be considered trustworthy. The average UCS value 

rounded downwards was used. 

    
             

 
                

The input data for the footwall are summarized in Table 4. 

Table 4: Input Data for Hangingwall (Dolomite) (RocProp, 2014, Updated from Storvall, 2012) 

Parameter Value 

 UCS (MPa) 110 

GSI 72 

mi 9 

D 0 

Ei (MPa)  56740 
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5.3 Footwall (Quartzite) 
The input data for the footwall are summarized in Table 5.  

Table 5: Input Data for Footwall (Quartzite) (RocProp, 2014, Updated from Storvall, 2012) 

Parameter Value 

UCS (MPa) 230 

GSI 40 

mi 20 

D 0 

Ei (MPa)  64478 

 

5.4 Ore 
The input data for the ore are summarized in Table 6. 

Table 6: Input Data for Ore (RocProp, 2014, Updated from Storvall, 2012) 

Parameter Value 

UCS (MPa) 170 

GSI 57 

mi 13 

D 0 

Ei (MPa)  166300 

 

5.5 Model Input  
For the determination of the rest of mechanical properties of the rock mass the RocData 

software from Rocscience Inc. was used (Hoek – Brown Classification). As input data the 

rock mass properties calculated from Table 4, Table 5 and Table 6 were used. The 

Poisson’s ratio for the rock mass is assumed 0.25 and the σ3 (max) was recalculated for 

the appropriate depth of 882 m and the assumed unit weight of the rock mass of 0.027 

MN/m
3
. The mechanical properties of the rockmass are summarized in Table 7. 
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Table 7: Rock mass properties (RocData 2014, Updated from Storvall E, 2012) 

RocLab Ore Hangingwall 
(Dolomite) 

Footwall 
(Quartzite) 

Input:    

   (MPa) 170 110 230 

GSI 57 72 40 

mi 13 9 20 

D 0 0 0 

Ei (MPa) 166 300 56 740 64 478 

Output (Model Input):    

c (MPa) 4.6 5.3 4.1 

  (°) 45.6 42.9 46.7 

Dilation angle (°) 5 10 4 

 t (MPa) 0.51 1.48 0.13 

UCS (MPa) 15.3 23.1 7.6 

Erm (MPa) 75 207 43 607 10 294 

v 0.25 0.25 0.25 

Bulk Modulus, K (MPa) 50 138 29 071 6 862 

Shear Modulus, G (MPa) 30 082 17 442 4 117 
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Figure 25 presents the principal stress envelope (left) and the Shear VS normal stress 

envelope (right) of the rock mass. 

 

 

Figure 25: Left: principal stress envelope Right: Shear VS Normal stress envelope of the rockmass 
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6 Model Description 

6.1 General 
The software used for the numerical analysis was FLAC3D version 6.0,

 
from Itasca 

Consulting Group Inc. FLAC stands for Fast Lagrangian Analysis of Continua and is 

used for advanced geotechnical analysis for soil, rock, groundwater and ground support 

in any geotechnical engineering project in need of continuum analysis (Itasca Consulting 

Group Inc., 2018a). FLAC3D is used for three dimensional cases and utilizes an explicit 

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

The FLAC3D numerical code was chosen since, due to its formulation, is especially 
appropriate for analysis of problems consisting of large displacements and strains, non-
linear material behavior and unstable systems. Furthermore, the rockmass was 
considered homogeneous without any major discontinuities, making FLAC3D a suitable 
option. 

6.2 Geometry 
The dimensions of the model were selected to be large enough so they have no 

influence with the area of interest but at the same time not unreasonable large in order to 

avoid adding an unnecessary computational burden to the model which would increase 

the computation time. This was achieved by comparing the secondary stresses at the 

boundaries, with the in-situ stresses of the model at any giving stage. Only when the 

difference between these two stresses was small enough it could be ensured that the 

results would not be affected by boundary effects. Additionally, since the stope is 

symmetrical relative to the entrance of the floor, only half of it was modeled in order to 

reduce the computation time. The selected dimensions of the model were 300 m x 200 m 

x 160 m (Figure 26).  

 

Figure 26: Model geometry 
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Three different support cases were examined. One with only the routine support 

installed, one with arches installed every 6 m and one with arches installed every 3 m. 

This is done to determine the optimum spacing between the arches for various benches’ 

heights. The installation of the arches occurs when the drift face is 20 m ahead, i.e. the 

spacing between the advancing arch and advancing face is maintained at 20 m (Figure 

27). This is done so as not to subject the arches to early deformation during the 

development of the bottom drift. Their purpose is to provide reinforcement to the bottom 

drift during the excavation of the top drift and during the stoping of the rill bench. A front 

view of the rock support installation can be seen in Figure 28. 

 

 

Figure 27: Rock support installation pattern - side view. Top: Installation of arches every 6 m, Bottom: Installation 
of arches every 3 m (Arches: red color, routine support: blue color). 

 

Figure 28: Rock support Installation pattern – front view (Bolts in arches: red color, routinely installed bolts: blue 
color). 
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6.3 Mesh Discretization 
The mesh of the model was selected in a way that provides results with sufficient 

accuracy around the area of interest but, at the same time does not load the model with 

unnecessary computational burden. For that reason, 3 different mesh sizes were applied. 

A fine one covering the study area which includes the volume of the two drifts as well as 

the volume immediately around them, a medium one covering a wider volume around the 

drifts and the vertical benches and a coarse one covering the biggest part of the model 

(Figure 29). The dimensions of these three different mesh sizes can be found in Table 8.   

 

Figure 29: Mesh discretization 

 

Table 8: Mesh dimensions 

Mesh size 
 

Dimensions  

Coarse 4 m X 4 m X 4 m 

Medium 1 m X 1 m X 1 m 

Fine 0.25 m X 0.25 m X 0.25 m 
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6.4 Boundary Conditions 
Roller boundaries were applied at all of the boundaries of the model. Specifically, the 

surfaces at the X-Y plane were fixed at Z-direction (Yellow), the surfaces at the X-Z 

plane were fixed at Y-direction (Orange) and the surfaces at the Y-Z plane were fixed at 

the X-direction (Blue) (Figure 30). 

 

Figure 30: Boundary conditions 

The magnitude of the in situ stress field is summarized in Table 9 while the orientation of 

the stress components is presented in Figure 31. 

Table 9: Stress field Magnitude at the trial area (Nilssen, 2004) 

Stress Relation to depth 

(m) 

Magnitude at the 

trial area (MPa) 

σzz=σv         23.8 

σxx=σH         45.0 

σYY=σh         20.3 
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Figure 31: Orientation of the in situ stress field 

 

6.5 Model Stages 
In order to model the effect of the mining sequences on the rock support and also to 
avoid the generation of inertia effects that could compromise the results the model was 
constructed in 6 stages as follows: 

1. Elastic equilibration of the model in the in-situ state. 
2. Excavation of the previously mined-out areas and elastic equilibration of the 

model. 
3. Backfilling of the previously mined-out areas and computation with plastic model. 
4. Gradual excavation of the bottom drift with a step of 5 m/blast with support 

installation after each blast. 
5. Gradual excavation of the top drift with a step of 5 m/blast with support installation 

after each blast. 
6. Gradual backwards benching with a step of 20 m/bench-blast and immediate 

backfilling before the next bench blast. 
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6.6 Constitutive Model 
Two different constitutive models were tested in order to determine the one that best 

described the response of the rock mass. The two constitutive models were the Mohr- 

Coulomb (M-C) and the Strain- Softening (S-S). The main difference between those two 

models lies in the fact that at the M-C model the strength of the rock mass remains 

constant after it gets its maximum value (elastic-perfectly-plastic) in contrast with the S-S 

model where the strength is reduced to a new, lower value (residual) (Figure 32).  

 

Figure 32: Mohr – Coulomb vs Strain Softening constitutive model 

After the modeling of these two different cases it was observed that the induced principal 

stress at the level, directly above the backfilled area, where the monitoring drift was 

going to be developed was 75-85 MPa for the M-C model and 15-25 MPa for the S-S 

model (Figure 33). At the same time the induced stress at the rill bench after the 

excavation of both the bottom and top drift was 70-83 MPa for the M-C model and 10-15 

MPa for the S-S model (Figure 34). The much higher induced stress at Mohr- Coulomb 

model is due to the fact that the rockmass retains its peak strength after the yielding 

point and therefore can bear much higher loads. However, the general experience from 

the Garpenberg mine suggests that these stress levels are unrealistically high, and the 

actual magnitude of the induced stresses is much closer to the results produced by the 

Strain- Softening model (personal discussion with Saiang, 2019). Consequently, the 

Strain- Softening model was utilized for the analysis. The strain of the rockmass at the 

yielding point (εss) was estimated at 0,2% for all the rock masses (personal discussion 

with Saiang D., 2019) while the residual strength parameters (cohesion and friction 

angle) where determined after the calibration of the model. 
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Figure 33: MC vs SS stress field prediction before the excavation of the bottom drift 

 

Figure 34: MC vs SS stress field prediction after the excavation of the bottom and the top drift 
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6.7 Assumptions 
For the creation of the model several assumptions had to be made. The purpose of these 

assumptions is to fill in gaps regarding unknown parameters and make the construction 

of the model easier. However, these assumptions must not have more than a limited 

effect on the model in order for the results to be trustworthy. The main assumptions used 

for this study are the following: 

1) The orientation and the thickness of the orebody is considered constant. 

2) The inclination of the orebody is considered vertical (dip = 90°). 

3) The geometry of the drifts is considered perfectly rectangular and constant 

throughout their length. 

4) The drifts are considered perfectly aligned with each other. 

5) The benches are considered vertical. 

6) The major principal stress is considered perpendicular to the orebody. 

7) The rock types are considered homogeneous. 
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7 Results 

7.1 Model Calibration 
The calibration of the model was necessary in order to determine the values of the 

residual strength parameters (cohesion, friction angle) of the rock mass. The model was 

calibrated against the field measurements of the convergence at selected profiles along 

the drifts (Chapter 4.5). For the calibration more than 100 cases were examined with 

different sets of values of the residual strength parameters. The cases that showed the 

best alignment with the field observations are presented in Table 10. The black line, in 

the charts below, corresponds to the field measurements while the rest of the lines 

correspond to the 4 different cases. The calibration of the model was held by the 

available data from the excavation of the bottom drift. The dates at the horizontal axis 

correspond to the field measurements (black line).  Since the field measurements did not 

start directly after the excavation of the profile but only after the installation of the bolt-

shotcrete arches, which happened after the progression of the tunnel by 20 m, the 

displacements that took place at the models before that point were excluded.      

Table 10: Cases with the better alignment with the field measurements 

    Residual Cohesion (MPa) Residual Friction Angle (°) 

  Dolomite 0.4 23 

Case 1 Quartzite 1.0 28 

  Ore 1.2 21.5 

  Dolomite 0.6 25 

Case 2  Quartzite 1.8 30 

  Ore 2.0 23 

  Dolomite 0.5 21.5 

Case 3 Quartzite 1.5 28 

  Ore 1.5 22.5 

  Dolomite 0.5 21.5 

Case 4 Quartzite 1.3 28 

  Ore 1.5 22 
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7.1.1 3 m Spaced Arches 

Chart 1 depicts the vertical displacements at the roof of the right sided drift. From the 

field measurements (black line) it can be seen that the development of the displacement 

follows the blasting rounds getting the maximum value of 17 mm. The lines of the 

modeled cases align quite well with the measurements. However, after the development 

of the whole drift where the measurements stop, it can be concluded that case 1 

overestimates greatly the vertical displacement since it predicts displacements of 23 mm 

while cases 2, 3 underestimates it significantly with 13 and 13.5 mm correspondingly. On 

the other hand, case 4 provides a good alignment with the field observations while 

overestimating only slightly the results by predicting displacements of 17.5 mm.   

 

 

Chart 1: Vertical Roof Displacements – Right Side (Calibration) 
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Chart 2 depicts the horizontal displacements at the hangingwall of the right sided drift. 

From the field measurements (black line) it can be seen that the development of the 

displacement shows a significant oscillation and at the beginning the displacements take 

even negative values (expansion), and reaches the maximum value of approximately 3.5 

mm. After the development of the whole drift where the measurements stop, it can be 

concluded that case 1 overestimates the results by predicting a displacement of 5 mm 

while cases 2,3 underestimates it significantly by predicting 1 and 2.5 mm 

correspondingly. On the other hand, the end result of case 4 approximates the field 

observations while overestimating them only by 0.2 mm.   

 

 

Chart 2: Horizontal Hangingwall Displacements - Right Side (Calibration) 
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Chart 3 depicts the horizontal displacements at the footwall of the right sided drift. From 

the field measurements (black line) it can be seen that the development of the 

displacement shows a significant oscillation at the beginning where the displacements 

take even negative values (expansion) and reach the maximum value of 11 mm. After 

the development of the whole drift where the measurements stop, it can be concluded 

that case 1 overestimates greatly the horizontal displacement by predicting a result of 15 

mm  while cases 2,3 underestimates it significantly since they predict a displacement of 8 

and 9 mm  correspondingly. On the other hand, the end result of case 4 approximates 

the field observations while overestimating it only by 0.2 mm.   

 

 

Chart 3: Horizontal Footwall Displacements – Right Side (Calibration) 
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7.1.2 6 m Spaced Arches 

Chart 4 depicts the vertical displacements at the roof of the right sided drift. From the 

field measurements (black line) it can be seen that the development of the displacement 

shows an oscillation during the whole development of the drift and reaches the maximum 

value of 13 mm. After the excavation of the whole drift where the measurements stop, it 

can be concluded that case 1 overestimates greatly the vertical displacement since it 

predicts displacements of 37 mm whereas the rest of the cases provide a very good 

prediction by converging the value of 13 mm which is the measured one. 

 

 

Chart 4: Vertical Roof Displacements – Left Side (Calibration) 
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Chart 5 depicts the horizontal displacements at the hangingwall of the left sided drift. 

From the field measurements (black line) it can be seen that the development of the 

displacement shows a significant oscillation during the development of the whole drift 

and reaches the maximum value of approximately 4 - 5 mm. After the development of the 

whole drift where the measurements stop it can be concluded that the cases 1, 2 and 3 

underestimates the measurements by predicting displacements of 2.5, 1.5 and 3.7 mm 

correspondingly. On the other hand, the end result of case 4 approximates the field 

observations by suggesting a maximum value of 3.5 mm. 

 

 

Chart 5: Horizontal Hangingwall Displacements – Left Side (Calibration) 
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Chart 6 depicts the horizontal displacements at the footwall of the left sided drift. From 

the field measurements (black line) it can be seen that the development of the 

displacement follow smoothly the blasting rounds and reach the maximum value of 15 

mm. After the development of the whole drift where the measurements stop, it can be 

concluded that case 1 overestimates greatly the horizontal displacement by predicting a 

result of 27 mm  while cases 2,3 underestimates it since they predict a displacement of 

13 and 14 mm  correspondingly. On the other hand, the end result of case 4 

approximates the field measurement, while overestimating it only slightly by resulting at 

the value of 16 mm.   

 

 

Chart 6: Horizontal Footwall Displacements – Left Side (Calibration) 
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7.2 Displacements 
This chapter examines the magnitude of the displacements that occur during the different 

stages of the mining sequence for different rill heights. Specifically, the rill heights of 15 

m (which is currently used), 20 m, 25 m and 30 m are analyzed. The results are then 

summarized in the form of charts in the following subchapters. During this analysis 3 

different support installation patterns were tested. The routine installation pattern which 

does not include bolt-shotcrete arches and is currently in use, the “6 m spaced arches” 

pattern which involves the installation of an arch every 6 m and the “3 m spaced arches” 

pattern which involves the installation of an arch every 3 m. The displacements were 

monitored along a profile which is located 20 m from the entrance. This profile was 

selected to be the same as the one used for calibration since it is very well monitored by 

the mine with plenty monitoring points on it, which is going to make the validation of the 

results easier. Moreover, the fact that the profile is located relatively close to the 

entrance is very important in order to monitor the displacements during the biggest part 

of the rill bench stoping. Three specific points were used for the recording of the 

displacements during the mining sequence. One in the middle of the roof and two in the 

middle of the walls (Figure 35).  

 

Figure 35: Recording of displacements points 
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7.2.1 15 m Rill 

In Chart 7 the vertical displacements at the roof of the bottom drift are depicted. In this 

case the height of the bench is 10m forming a rill cell of 15m height (Bench & one drift). 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the vertical displacements are practically the same for the different support 

installation patterns since they reach the 2 cm with only the routine support installed and 

the 1.8 cm with the 6 m and 3 m spaced arches. During the development of the top drift 

the displacements increase to 15 cm without arches and to 14 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 17 cm for the support without the arches and 15 cm for the 

support pattern with the arches. From this chart (Chart 7) it can be observed that the 

most critical stage is the excavation of the top drift. The difference in the total 

displacements is about 10%, between the support installations with and without the 

arches while is practically insignificant between the support with 6 m and 3 m spaced 

arches. 

 

 

Chart 7: Vertical displacements on Roof – 15 m Rill 
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Chart 8 depicts the horizontal displacements at the hangingwall of the bottom drift. The 

three different stages of the mining sequence can be clearly distinguished by the change 

of the curvature of the displacement’s lines. During the development of the bottom drift 

the horizontal displacements are practically the same for the different support installation 

patterns since they reach the 0.5 cm for all the support patterns. During the development 

of the top drift the displacements increase to 6.5 cm without arches and to 6 cm with the 

6 m and 3 m spaced arches. Finally, during the stoping of the rill bench the total 

displacements take the value of approximately 7.5 cm for the support without the arches 

and 7 cm with the arches. From this chart (Chart 8) it can be observed that the most 

critical stage is during the excavation of the top drift. The difference in the total 

displacements is about 5% between the support installations with and without the arches 

while is practically insignificant between the support with 6 m and 3 m spaced arches. 

 

 

Chart 8: Horizontal displacements on Hangingwall – 15 m Rill 

 

 

 

 

 

 

 



Results 

48 
 

In Chart 9 are depicted the horizontal displacements at the footwall of the bottom drift. 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the horizontal displacements are practically the same for the different support 

installation patterns since they reach the 1.5 cm with only the routine support installed 

and 1 cm with the 6 m and 3 m spaced arches. During the development of the top drift 

the displacements increase to 8 cm without arches and to 6.5 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 9 cm for the support without the arches and 7 cm with the 

arches. From this chart (Chart 9) it can be observed that the most critical stage is during 

the excavation of the top drift. The difference in the total displacements is about 20% 

between the support installations with and without the arches while is practically 

insignificant between the support with 6 m and 3 m spaced arches. 

 

 

Chart 9: Horizontal displacements on Footwall – 15 m Rill 
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7.2.2 20 m Rill 

In Chart 10 are depicted the vertical displacements at the roof of the bottom drift. In this 

case the height of the bench is 15 m forming a rill cell of 20 m height (Bench & one drift). 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the vertical displacements are practically the same for the different support 

installation patterns since they reach the 2 cm with only the routine support installed and 

the 1.8 cm with the 6 m and 3 m spaced arches. During the development of the top drift 

the displacements increase to 24 cm without arches and to 23 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 29 cm for the support without the arches and 27 cm for the 

support pattern with the arches. From this chart (Chart 10) it can be observed that the 

most critical stage is the excavation of the top drift. The difference in the total 

displacements is about 7% between the support installations with and without the arches 

while is practically insignificant between the support with 6 m and 3 m spaced arches. 

 

 

Chart 10: Vertical displacements on Roof – 20 m Rill 
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Chart 11 depicts the horizontal displacements at the hangingwall of the bottom drift. The 

three different stages of the mining sequence can be clearly distinguished by the change 

of the curvature of the displacement’s lines. During the development of the bottom drift 

the horizontal displacements are practically the same for the different support installation 

patterns since they reach the 0.5 cm for all the support patterns. During the development 

of the top drift the displacements increase to 9 cm without arches and to 8 cm with the 6 

m and 3 m spaced arches. Finally, during the stoping of the rill bench the total 

displacements take the value of approximately 12 cm for the support without the arches 

and 10.5 cm with the arches. From this chart (Chart 11) it can be observed that the most 

critical stage is during the excavation of the top drift. The difference in the total 

displacements is about 10% between the support installations with and without the 

arches while is practically insignificant between the support with 6 m and 3 m spaced 

arches. 

 

 

Chart 11: Horizontal displacements on Hangingwall – 20 m Rill 
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In Chart 12 are depicted the horizontal displacements at the footwall of the bottom drift. 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the horizontal displacements are practically the same for the different support 

installation patterns since they reach the 1.5 cm with only the routine support installed 

and 1 cm with the 6 m and 3 m spaced arches. During the development of the top drift 

the displacements increase to 15 cm without arches and to 13 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 19 cm for the support without the arches and 15 cm with the 

arches. From this chart (Chart 12) it can be observed that the most critical stage is during 

the excavation of the top drift. The difference in the total displacements is about 17-18% 

between the support installations with and without the arches while is practically 

insignificant between the support with 6 m and 3 m spaced arches. 

 

 

Chart 12: Horizontal displacements on Footwall – 20 m Rill 
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7.2.3 25 m Rill 

In Chart 13 the vertical displacements at the roof of the bottom drift are depicted. In this 

case the height of the bench is 20 m forming a rill cell of 25 m height (Bench & one drift). 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the vertical displacements are practically the same for the different support 

installation patterns since they reach the 2 cm with only the routine support installed and 

the 1.8 cm with the 6m and 3m spaced arches. During the development of the top drift 

the displacements increase to 37 cm without arches and to 35 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 41 cm for the support without the arches and 36 cm for the 

support pattern with the arches. From this chart (Chart 13) it can be observed that the 

most critical stage is the excavation of the top drift. The difference in the total 

displacements is about 7% between the support installations with and without the arches 

while is practically insignificant between the support with 6 m and 3 m spaced arches. 

 

 

Chart 13: Vertical displacements on Roof – 25 m Rill 
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Chart 14 depicts the horizontal displacements at the hangingwall of the bottom drift. The 

three different stages of the mining sequence can be clearly distinguished by the change 

of the curvature of the displacement’s lines. During the development of the bottom drift 

the horizontal displacements are practically the same for the different support installation 

patterns since they reach the 1 cm for all the support patterns. During the development 

of the top drift the displacements increase to 15 cm without arches and to 13 cm with the 

6 m and 3 m spaced arches. Finally, during the stoping of the rill bench the total 

displacements take the value of approximately 17 cm for the support without the arches 

and 15 cm with the arches. From this chart (Chart 14) it can be observed that the most 

critical stage is during the excavation of the top drift. The difference in the total 

displacements is about 13% between the support installations with and without the 

arches while is practically insignificant between the support with 6 m and 3 m spaced 

arches. 

 

 

Chart 14: Horizontal displacements on Hangingwall – 25 m Rill 
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In Chart 15 the horizontal displacements at the footwall of the bottom drift are depicted. 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the horizontal displacements are practically the same for the different support 

installation patterns since they reach the 1.5 cm with only the routine support installed 

and 1 cm with the 6 m and 3 m spaced arches. During the development of the top drift 

the displacements increase to 25 cm without arches, to 19 cm with the 6 m spaced 

arches and to 16 cm with the 3 m spaced arches. Finally, during the stoping of the rill 

bench the total displacements take the value of approximately 27 cm for the support 

without the arches, 21 cm with the 6 m spaced arches and 17 cm with the 3 m spaced 

arches. From this chart (Chart 15) it can be observed that the most critical stage is during 

the excavation of the top drift. The difference in the total displacements is about 22% 

between the support installations without the arches and the 6 m spaced arches and 

37% between the support installations without the arches and the 3 m spaced arches. 

 

 

Chart 15: Horizontal displacements on Footwall – 25 m Rill 
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7.2.4 30 m Rill 

In Chart 16 the vertical displacements at the roof of the bottom drift are depicted. In this 

case the height of the bench is 25 m forming a rill cell of 30 m height (Bench & one drift). 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the vertical displacements are practically the same for the different support 

installation patterns since they reach the 2 cm with only the routine support installed and 

the 1.8 cm with the 6m and 3m spaced arches. During the development of the top drift 

the displacements increase to 43 cm without arches and to 39 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 49 cm for the support without the arches and 46 cm for the 

support pattern with the arches. From this chart (Chart 16) it can be observed that the 

most critical stage is the excavation of the top drift. The difference in the total 

displacements is about 7-9% between the support installations with and without the 

arches while is practically insignificant between the support with 6 m and 3 m spaced 

arches. 

 

 

Chart 16: Vertical displacements on Roof – 30 m Rill 
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Chart 17 depicts the horizontal displacements at the hangingwall of the bottom drift. The 

three different stages of the mining sequence can be clearly distinguished by the change 

of the curvature of the displacement’s lines. During the development of the bottom drift 

the horizontal displacements are practically the same for the different support installation 

patterns since they reach the 0,5 cm for all the support patterns. During the development 

of the top drift the displacements increase to 20 cm without arches and to 16 cm with the 

6 m and 3 m spaced arches. Finally, during the stoping of the rill bench the total 

displacements take the value of approximately 24 cm for the support without the arches 

and 20 cm with the arches. From this chart (Chart 17) it can be observed that the most 

critical stage is during the excavation of the top drift. The difference in the total 

displacements is about 15-17% between the support installations with and without the 

arches while is practically insignificant between the support with 6 m and 3 m spaced 

arches. 

 

 

Chart 17: Horizontal displacements on Hangingwall – 30 m Rill 
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In Chart 18 are depicted the horizontal displacements at the footwall of the bottom drift. 

The three different stages of the mining sequence can be clearly distinguished by the 

change of the curvature of the displacement’s lines. During the development of the 

bottom drift the horizontal displacements are practically the same for the different support 

installation patterns since they reach the 1.5 cm with only the routine support installed 

and 1 cm with the 6 m and 3 m spaced arches. During the development of the top drift 

the displacements increase to 35 cm without arches and to 27 cm with the 6 m and 3 m 

spaced arches. Finally, during the stoping of the rill bench the total displacements take 

the value of approximately 39 cm for the support without the arches and 32 cm with the 

arches. From this chart (Chart 18) it can be observed that the most critical stage is during 

the excavation of the top drift. The difference in the total displacements is about 18-20% 

between the support installations with and without the arches while is practically 

insignificant between the support with 6 m and 3 m spaced arches. 

 

 

Chart 18: Horizontal displacements on Footwall – 30 m Rill 
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7.3 Rock Support 
The third and final chapter of the results examines the yielding behavior of the rock 

support during the different mining stages and rill heights. The support is examined along 

the same profile as the displacements on the previous chapters. It is important that the 

profile is located close to the entrance of the drift so the support under examination is 

going to be subjected to the maximum possible strain.  

7.3.1 Bottom Drift Excavation 

Figure 36 depicts the yielded state of the routine support installation after the complete 

excavation of the bottom drift. At that point a big part of the rockbolts have already 

yielded in tension.  

 

Figure 36: Support yielding after the excavation of the bottom drift – Routine support 

The situation is different with the installation of the bolt-shotcrete arches. As can be seen 

in Figure 37 the addition of the arches makes a tremendous difference on the behavior of 

the support during the excavation of the monitoring drift. In that case, only a small portion 

of rockbolts have experienced yielding in a limited area, mostly in the hangingwall side. 

The situation is identical for the 6 m spaced and 3 m spaced arches.  
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Figure 37: Support yielding after the excavation of the bottom drift – with arches 

7.3.2 Top Drift Excavation 

The excavation of the top drift is the stage in which most of the displacements are taking 

place. Therefore, it is expected that during this stage the support is going to undertake 

the largest strain. Indeed during this stage, for the 15 m rill, the majority of the rockbolts 

at the roof and the hangingwall are subjected in yielding in tension, even with the 

installation of arches (Figure 38). The situation is identical for the 6 m spaced and 3 m 

spaced arches. The rockbolts at the routine support installation pattern remain 

unaffected since the majority of them have already yielded in the previous stage.  

 

Figure 38: Support yielding after the excavation of the top drift – 6 m spaced arches (15 m Rill) 
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For higher rill heights the situation changes as well. For the routine installation pattern, 

larger and larger part of the rockbolts yields as the rill height increase. The same pattern 

can be also detected for the support with the arches however, the bolts yield at larger rill 

heights. For example, Figure 39 and Figure 40 depict the behavior of the arches after the 

excavation of the top drift for 6 m spaced and 3 m spaced arches correspondingly. From 

these pictures it can be seen that the increase of the rill height by 5m has limited effect 

on the bolts of the roof and the hangingwall. Figure 40 also shows that in this case the 

installation of a denser pattern of arches have a positive impact on the bolts, especially 

on the footwall side. A further increase on the rill height, however, has a damaging effect 

on the bolts of the footwall even for the denser installation of arches (Figure 41). 

 

Figure 39: Support yielding after the excavation of the top drift – 6 m spaced arches (20 m Rill) 
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Figure 40: Support yielding after the excavation of the top drift – 3 m spaced arches (20 m Rill) 

 

 

Figure 41: Support yielding after the excavation of the top drift – 3 m spaced arches (25 m Rill) 

 



Results 

62 
 

7.3.3 Bench Stoping 

The stoping of the bench is the last stage of the mining sequence. During this stage the 

displacements are reaching their maximum value, however without increasing 

significantly after the excavation of the top drift. Therefore, this stage is expected to have 

more limited impact on the support. The behavior of the support is examined just before 

the part of the bench that supports is blasted. Therefore, the worst expected situation is 

examined.  Figure 42 depicts the yielding state of the support after the stoping of a 10 m 

rill bench (15 m rill). In comparison to Figure 38 this stage had no significant influence on 

the arches.   

 

Figure 42: Support yielding after the stoping of the rill bench – 6 m spaced arches (15 m Rill) 

For higher rill heights the situation does not differ significantly. As can be seen form 

Figure 43 and Figure 44 which can be compared with Figure 40 and Figure 41 

correspondingly, the stoping of the bench have only a limited effect on the support. As a 

result, the bolts do not yield further. 
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Figure 43: Support yielding after the excavation of the top drift – 3 m spaced arches (20 m Rill) 

 

Figure 44: Support yielding after the excavation of the top drift – 3 m spaced arches (25 m Rill) 
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8 Discussion 

8.1 Model calibration 
The calibration of the model was essential in order to determine with good approximation 

the residual strength parameter of the rock types (dolomite, quartzite and ore). Firstly, 

the model was calibrated against the displacements that took place during the 

excavation of “right sided” bottom drift. The results of the cases that showed the best 

alignment with the field measurements were summarized in Chart 1, Chart 2 and Chart 3 

for the ore, the dolomite and the quartzite correspondingly. According to these, Case 1 

tends to overestimate the displacements in all three charts while cases 2 and 3 tends to 

underestimate them significantly. On the other hand, the modeled case 4 offers a very 

good approximation of the displacements measured in the field, while overestimating 

them slightly, for all the rock types.  

In order to ensure that the calibration is valid for both drifts and that the field 

measurements on the selected profiles of the right drift are not significantly affected of 

any local irregularities, the above 4 cases were tested against the field measurements on 

the selected profile on the “left – sided” drift as well. This process had the purpose of 

validation of the results and therefore only the above 4 cases that showed the best 

alignment with the field measurements for the “right – sided” drift were tested. The 

results were summarized in Chart 4, Chart 5 and Chart 6. Again, the results were similar 

with case 1 overestimating and cases 2 and 3 having the tendency to underestimate the 

displacements. Case 4 offered again the best approximation of the results measured in 

the field, while overestimating them slightly, for all the rock types. 

The deviation of the results for the modeled cases and the field measurements can be 

traced to the various assumptions made during modelling. One of the most dominant 

ones is the fact that the excavated profiles are considered orthogonal while, in the field, 

their shape can deviate significantly (Figure 21). Moreover, the fact that the 

displacements are recorded at the middle of the roof and the walls while in the field the 

monitoring points are placed in various points also factors towards the deviation of the 

measurements with the predicted values. Furthermore, the rockmass at the boundary of 

the excavation undergoes an oscillation after each blasting round, which was not 

possible to model. 

Finally, the calibration of the model was based on the limited data gathered during the 

excavation of the bottom drift in the trial area. It is recommended that a recalibration of 

the model take place after the accumulation of more data during the excavation of the 

top drift and the stoping of the bench. 
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8.2 Displacements 
The results of the displacements (Chart 7 - Chart 18) indicate that for all cases the most 

critical stage in the rill mining sequence is the excavation of the top drift. The excavation 

of the top drift influence greatly the displacements on the bottom drift than can increase 

from 10 to 15 times during this stage – depending on the height of the rill. In all cases, 

the rill bench yields completely during the excavation of the top drift. That creates a 

volume of loose rock mass above the bottom drift with larger for bigger rill heights 

making it more difficult to support. Therefore, the higher the rill bench the larger the 

displacements expected in the bottom drift. The yielded states after each stage can be 

seen in Figure 45 and more analytically in APPENDIX III. The stoping of the rill bench 

does not have a large impact on the displacements around the bottom drift.  

 

Figure 45: Yielding stages at each stage and Rill height 

The total displacements at the end of the bench stoping are summarized in Table 11 for 

each case. The table also includes the difference in the displacements between the 

cases supported with the routine installation pattern and those who included the 

installation of arches. This difference is also measured in percentage and is included as 

“improvement” in the table.   
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Table 11: Table of displacements 

 

In order to visualize the data from Table 11 the following charts were created. Chart 19, 

Chart 20 and Chart 21 are showing the total displacements after the stoping of the rill 

bench for each rill height and support pattern for the roof, the hangingwall and the 

footwall correspondingly. 

 

Chart 19: Total displacements vs Rill height (Roof) 
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Chart 20: Total displacements vs Rill height (Hangingwall) 

 

Chart 21: Total displacements vs Rill height (Footwall) 
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From the above charts (Chart 19, Chart 20 and Chart 21) it can be seen that the most 

displacements are expected in the roof while the least are expected in Hangingwall 

(which corresponds to the dolomite in the model). The existence of arches in the support 

pattern reduces the total displacements however, the impact is smaller for smaller rill 

heights and increases with the increase of the rill height. Additionally, as can deducted 

from Table 11 the arches tend to have a larger impact on the walls than on the roof of the 

excavation. Finally, the difference on the results between the ”6 m spaced” and the “3 m 

spaced” is negligible for the rill heights of 15 m and 20 m while a relatively limited 

improvement can be seen for the rill heights of 25 m and 30 m. 

In Chart 21 a significant difference on the footwall displacements can be seen at 25 m rill 

height between the 6 m spaced and 3 m installation patterns. This difference can be 

traced at the fact that at this rill height the rockbolts at the footwall side experience 

significantly less yielding for the 3 m installation pattern compared to the 6 m installation 

pattern. The behavior of the rock support at each stage is further discussed at the next 

subchapter.    
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8.3 Rock Support 
The results of the behavior of the rock support are presented in Figure 36 - Figure 44. 

During the excavation of the bottom drift a significant difference on the yielded states of 

the rockbolts is observed for the different installation patterns. The routine support 

installation cannot bear the generated strains and the rockbolts are yielded in tension 

already from the first stage of the mining sequence. However, the addition of arches 

improves radically the behavior of the bolts since no yielding is observed. 

During the mining of the top drift which comprises the second stage of the mining 

sequence, the behavior of the rock support elements varies also depending on the rill 

height (Figure 46). For the rill height of 15 m, the rockbolts experience yielding in tension 

even with the installation of arches. The yielding is limited on the bolts at the roof and the 

hangingwall while the bolts at the footwall remain unaffected. The situation for the routine 

support installation remains the same since the bolts have already yielded in tension in 

the previous stage. An increase of the rill height to 20 m has as a result the yielding of 

the rockbolts in tension also in the footwall side. However, in this case the yielding is very 

limited for the denser installation of arches (every 3 m) in contrast with the sparser 

installation (every 6 m) where more bolts experience yielding. A further increase on the 

rill height to 25 and 30 m has as a result the yielding of all the rockbolts even with the 

more denser installation pattern of arches. This can be explained by the fact that during 

the excavation of the top drift the whole of rill bench yields regardless of its height. Thus, 

the higher the rill height the higher the volume of loose rock need to be supported on the 

bottom drift leading more support elements to yielding.   

 

Figure 46: Rock Support Behavior during the excavation of the top drift for different Rill heights and support 
pattern 

The bench stoping consists the third and last stage of the rill mining sequence. During 

this stage the already yielded rock is blasted and mucked from the bottom drift, without 

further expansion of the yielded zone around the openings. Therefore, the support 

experience only a limited additional strain and almost no further yielding. 
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9 Conclusions 
Based on the conducted research the following conclusions can be drawn: 

1. The mechanical properties of the rockmass have been evaluated based on 

existing literature data, laboratory tests and calibration against the field 

measurements. The properties of each rock type are summarized in Table 12. 

During the laboratory tests only dolomitic rock samples were available. 

Therefore, a more detailed geotechnical study is recommended.  

Table 12: Mechanical properties of the rock mass 

 Dolomite Quartzite Ore 

Cohesion (MPa) 5.3 4.1 4.6 

Residual Cohesion (MPa) 0.5 1.3 1.5 

Friction Angle (°) 42.9 46.7 45.6 

Residual Friction Angle (°) 21.5 28 22 

Tensile Strength (MPa) 1.48 0.13 0.51 

Dilation Angle (°) 10 4 5 

Bulk Modulus (MPa) 29 071 6 862 50 138 

Shear Modulus (MPa) 17 442 4 117 30 082 

 

2. The results showed that the largest displacements are expected on the roof of 

the excavation. On the walls larger displacements are anticipated on the 

quartzitic side than the dolomitic side. Specifically, the displacement ratios, 

regardless the support pattern and the rill height, are expected to be as 

following: 

 

 Roof Displacements ≈ 2-3 times the displacements on the dolomitic side 

 Roof Displacements ≈ 1.5-2 times the displacements on the quartzitic side 

 Quartzitic side ≈ 1.5 times the displacements on the dolomitic side 

 

 

3. The most critical stage of the mining sequence is the excavation of the top drift, 

since the largest part of the total displacements on the bottom drift (production 

drift) are occurring during that stage. Much more limited displacements are 

occurring during the excavation of the bottom drift and the stoping of the rill 

bench. The numerical modelling showed displacements around the shotcrete 

and rockbolt arches to be in the order of 10 to 20 mm during the excavation of 

the bottom drift. However, it is anticipated that the displacements can increase 

by 10-15 times, depending on the rill height, during the excavation of the top 

drift. Another 10-20 mm is expected during the bench stoping. 
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4. The interaction between the bottom drift and the top drift depends on the height 

of the rill. During the excavation of the top drift, the yielding zones of the two 

drifts are merging into one, leading the complete height of the rill bench into 

shear yielding. After the yielding the rockmass can no longer support itself and 

caves under its own weight. The larger the rill height, the larger the volume of 

loose rock that has to be supported by the bottom drift. Therefore, the 

displacements on the bottom drift increase, almost linearly, as the height of the 

rill increase, for the range of 15 - 30 m.  

 

5. The installation of rock support arches has a positive impact on displacements. 

The impact is generally larger on the walls than on the roof of the drift. 

Moreover, the impact of the arches depends significantly on the height of the 

rill, as well. Specifically, 

 

 For lower rill heights (15-20 m) the improvement on the displacements 

range between 7-10% at the roof, 4-10% at the hangingwall and 17-22% at 

the footwall side. 

 For higher rill heights (25-30 m) the improvement on the displacements 

range remains between 7-10% at the roof, and it increases to 13-17% at 

the hangingwall and 18-37% at the footwall side. 

The results from the two different arches’ spacing (6 m and 3 m) showed that the 

reduction of the displacements is insignificant for the 3 m spaced arches 

compared to the 6 m spaced. 

6. The installation of rock support arches during the excavation of the bottom drift 

(production drift) is essential in order to be sufficiently supported during the 

excavation of the top drift and the bench stoping. The routine support 

installation shows evidence of yielding, early, even during the excavation of the 

bottom drift. The creation of artificial pressure arches, by the installation of 

shotcrete - rockbolt arches has a significant effect during that stage where no 

yielding is occurring on the bolts. The impact is evident during the excavation of 

the top drift as well, where less yielding is expected on the support. During the 

bench stoping the rock support arches have limited effect.  
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APPENDIX I: Intact Rock Properties 

Dolomite 

For the determination of the Uniaxial Compressive Strength of the intact rock the Point 

Load Test was used. For the conduction of the experiment the Point load apparatus that 

was available at the Mining and Civil Engineering laboratory at Luleå University of 

Technology (Figure 47:left) as well as a precision marker to measure the dimensions of 

the samples with the minimum possible error (Figure 47:right).   

 

Figure 47: Left: Point Load Apparatus, Right: Precision marker 

For the test 24 samples were available all of whom were dolomitic since they were taken 

from the Hangingwall side of the drift. Table 13 summarizes the results from the Point 

Load test. With orange color are highlighted the tests that produced the two higher and 

two lower values of the Is(50) and were excluded from the calculation of the mean value 

according to the methodology while with green and red color are highlighted the 

successful and unsuccessful tests correspondingly. Examples of successful and 

unsuccessful tests are presented in Figure 48. 
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Figure 48: Examples of Successful (Top line) and Unsuccessful (Bottom line) Point Load tests 
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Table 13: Point Load Test results 
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For the determination of the young’s modulus of the intact Dolomite the RocProp 

software from Rocscience was used. The mean value of 56740 MPa was used (Figure 

49). 

 

Figure 49: Young’s modulus of intact Dolomite (RocProp, 2014) 

Ore 

For the determination of the uniaxial compressive strength and the young’s modulus of 

the Ore the RocProp software from Rocscience was used. Since there was only was 

entry of pyrite orebodies a statistical distribution was not able to be made. The values are 

presented in Table 14. 

Table 14: UCS and Young’s modulus of Ore 

Property 
 

Value 

Uniaxial compressive strength 170 MPa 

Young’s Modulus 166300 MPa 
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Quartzite 

For the determination of the uniaxial compressive strength and the young’s modulus of 

the Quartzite the RocProp software from Rocscience was used. The mean values of 230 

MPa and 64477 MPa were used accordingly (Figure 50 & Figure 51). 

 

Figure 50: UCS of intact Quartzite 

 

 

Figure 51: Young’s modulus of intact Quartzite 
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APPENDIX II: Monitoring 

The deformations along the entire length of the drifts are monitored by the use of prisms 
and total station surveys. Apart from the prisms the mine is using 2-anchor borehole 
extensometers (6 m long). Although the extensometers provide more detailed 
measurements the data from the prisms surveys were available much faster and 
information about the deformation of the rockmass around the arches could be obtained 
for the purposes of an initial calibration of the model. Images from the site and 
specifically from the HB4 profile can be seen below (Figure 52, Figure 53 & Figure 54) 

 
 

Figure 52: Instrumentation on the Hangingwall (Dolomite) (Nyström, 2019) 
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Figure 53: Instrumentation on the Roof (Ore) (Nyström, 2019) 

 

Figure 54: Instrumentation on the Footwall (Quartzite) (Nyström, 2019 
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APPENDIX III: Yielded States 
This chapter of the Appendix examines the yielded states that are created around the 

excavations during the different stages of the mining process and for the different rill 

heights. Figure 55 depicts the yielding of the rock mass after the backfilling of the 

previous rill cells and before the beginning of the excavation of the new bottom drift. As 

can be seen the backfilled areas (green color) are completely yielded in shear as well as 

the area directly above the backfill, where the new bottom drift is going to be excavated. 

The area where the bench and top drift are going to be located are intact. 

 

Figure 55: Yielding state before the excavation of the bottom drift 

Figure 56 and Figure 57 shows the changes in the yielded states during the development 

of the bottom drift. During the excavation the roof of the excavation yields in shear at a 

length of approximately 10m. The rest of the bench together with the area that is going to 

host the top drift are not yielded.  
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Figure 56: Yielding state after the excavation of half of the bottom drift 

 

Figure 57: Yielding state after the excavation of the bottom drift 
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15 m Rill 

The first case that is examined is the 15 m rill height. In Figure 58 and Figure 59  the 

changes at the yielded states are examined during the excavation of the top drift. In this 

case the area of the bench was already completely yielded during the excavation of the 

bottom drift. Therefore, the development of the top drift induce the yielding only of the 

area above it and in front of it. 

 

Figure 58: Yielding state field after the excavation of half of the top drift – 15 m Rill 

 

Figure 59: Yielding state field after the excavation of half of the top drift – 15 m Rill 

 



APPENDIX III: Yielded States 

84 
 

Figure 60 depicts the yielding state after the stoping of half of the rill bench. As it can be 

seen the backfill that is inserted in the place of the rock mass also yields in shear. 

 

Figure 60: Yielding state field after the stoping of half of the rill bench – 15 m Rill 

20 m Rill 

The next case that is examined is the 20 m rill height. In Figure 61 and Figure 62  the 

changes at the yielded states are examined during the excavation of the top drift. The 

development of the top drift leads to the complete height of the bench into yielding in 

shear. Additionally, the rock mass above the drift also yields up to the point it reaches the 

already yielded, backfilled area and in front the face of the drift at a depth of 

approximately 5m.  

Figure 63 depicts the yielding state after the stoping of half of the rill bench. As it can be 

seen the backfill that is inserted in the place of the rock mass also yields in shear. 
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Figure 61: Yielding state field after the excavation of half of the top drift – 20 m Rill 

 

Figure 62: Yielding state field after the excavation of half of the top drift – 20 m Rill 
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Figure 63: Yielding state field after the stoping of half of the rill bench –20 m Rill 

 

25 m Rill 

The third case that is examined is the 25 m rill height. In Figure 64 and Figure 65  the 

changes at the yielded states are examined during the excavation of the top drift. The 

development of the top drift leads to the complete height of the bench into yielding in 

shear. Additionally, the rock mass above the drift also yields up to the point it reaches the 

already yielded, backfilled area and in front the face of the drift at a depth of 

approximately 5m.  

Figure 66 depicts the yielding state after the stoping of half of the rill bench. As it can be 

seen the backfill that is inserted in the place of the rock mass also yields in shear. 
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Figure 64: Yielding state field after the excavation of half of the top drift – 25 m Rill 

 

Figure 65: Yielding state field after the excavation of half of the top drift – 25 m Rill 
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Figure 66: Yielding state field after the stoping of half of the rill bench – 25 m Rill 

30 m Rill 

The last case that is examined is the 30 m rill height. In Figure 67 and Figure 68  the 

changes at the yielded states are examined during the excavation of the top drift. The 

development of the top drift leads to the complete height of the bench into yielding in 

shear. Additionally, the rock mass above the drift also yields up to the point it reaches the 

already yielded, backfilled area and in front the face of the drift at a depth of 

approximately 5m.  

Figure 69 depicts the yielding state after the stoping of half of the rill bench. As it can be 

seen the backfill that is inserted in the place of the rock mass also yields in shear. 

 



APPENDIX III: Yielded States 

89 
 

 

 

Figure 67: Yielding state field after the excavation of half of the top drift – 30 m Rill 

 

Figure 68: Yielding state field after the excavation of the top drift – 30 m Rill 
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Figure 69: Yielding state field after the stoping of half of the rill bench – 30 m Rill 
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APPENDIX IV: Secondary Stress Field 
This chapter of the Appendix examines the secondary stress field that is created around 

the excavations during the different stages of the mining process and for the different rill 

heights. Figure 70 depicts the stress field after the backfilling of the previous rill cells and 

before the beginning of the excavation of the new bottom drift. As can be seen the 

backfilled areas (red color) cannot bear large loads since they are already yielded. The 

area directly above the backfill, where the new bottom drift is going to be excavated, is 

also yielded. As a result, this area it is not highly stressed (10 – 17 MPa). The area of the 

bench that is not yielded can bear higher loads up to approximately 30 MPa. 

 

Figure 70: Stress field before the excavation of the bottom drift 

From Figure 71 and Figure 72 it can be seen the changes in the secondary stress field 

during the development of the bottom drift. During the excavation the roof of the 

excavation yields at a length of 5-10m. In this area the stress field is reduced from 0 MPa 

directly above the roof to 25 MPa 10m above. The rest of the bench together with the 

area that is going to host the top drift can bear larger load up to 35 MPa since they are 

not yielded.  
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Figure 71: Secondary stress field after the excavation of half of the bottom drift 

 

Figure 72: Secondary stress field after the excavation of the bottom drift 
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15 m Rill 

The first case that is examined is the 15 m rill height. In Figure 73 and Figure 74 the 

changes at the secondary stress field are examined during the excavation of the top drift. 

No significant stress changes occur in the bench since it was already yielded from the 

excavation of the bottom drift. The areas above and in front of the top drift that are now 

yielding can bear lower loads in the range of 0 – 15 MPa. The intact areas below the 

backfilled areas and in front of the face bears loads up to 40 MPa. 

 

Figure 73: Secondary stress field after the excavation of half of the top drift – 15 m Rill 

 

Figure 74: Secondary stress field after the excavation of the top drift – 15 m Rill 
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Figure 75 depicts the stress changes after the stoping of half of the rill bench. As it can 

be seen the backfill can bear no significant load since it is yielded as well. 

 

Figure 75: Secondary stress field after the stoping of half of the rill bench – 15 m Rill 

 

20 m Rill 

The next case that is examined is the 20 m rill height. In Figure 76 and Figure 77 the 

changes at the secondary stress field are examined during the excavation of the top drift. 

During this stage the complete height of the rill bench yields. As a result, the bearing 

capacity of it diminishes. The areas above and in front of the top drift are also yielding 

can bear lower loads in the range of 0 – 15 MPa. The intact areas of rock mass below 

the backfilled areas and in front of the face are decreasing and can bear loads up to 50 

MPa. 

Figure 78 depicts the stress changes after the stoping of half of the rill bench. As it can 

be seen the backfill can bear no significant load since it is yielded as well. 
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Figure 76: Secondary stress field after the excavation of half of the top drift – 20 m Rill 

 

Figure 77: Secondary stress field after the excavation of the top drift – 20 m Rill 
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Figure 78: Secondary stress field after the stoping of half of the rill bench – 20 m Rill 

25 m Rill 

The next case that is examined is the 25 m rill height. In Figure 79 and Figure 80 the 

changes at the secondary stress field are examined during the excavation of the top drift. 

During this stage the complete height of the rill bench yields. As a result, the bearing 

capacity of it diminishes. The areas above and in front of the top drift are also yielding 

can bear lower loads in the range of 0 – 25 MPa. The limited areas of intact rock mass 

below the backfilled areas and in front of the face bears loads up to 54 MPa. 

Figure 81 depicts the stress changes after the stoping of half of the rill bench. As it can 

be seen the backfill can bear no significant load since it is yielded as well. 
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Figure 79: Secondary stress field after the excavation of half of the top drift – 25 m Rill 

 

Figure 80: Secondary stress field after the excavation of the top drift – 25 m Rill 

 



APPENDIX IV: Secondary Stress Field 

98 
 

 

Figure 81: Secondary stress field after the stoping of half of the rill bench – 25 m Rill 

 

30 m Rill 

The last case that is examined is the 30 m rill height. In Figure 82 and Figure 83 the 

changes at the secondary stress field are examined during the excavation of the top drift. 

During this stage the complete height of the rill bench yields. As a result, the bearing 

capacity of it diminishes. The areas above and in front of the top drift are also yielding 

can bear lower loads in the range of 0 – 20 MPa. In this rill height there is almost none 

intact rock mass to bear higher loads. As a result, the yielded zone is far more extended 

than the other cases. 

Figure 84 depicts the stress changes after the stoping of half of the rill bench. As it can 

be seen the backfill can bear no significant load since it is yielded as well. 
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Figure 82: Secondary stress field after the excavation of half of the top drift – 30 m Rill 

 

Figure 83: Secondary stress field after the excavation of the top drift – 30 m Rill 
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Figure 84: Secondary stress field after the stoping of half of the rill bench – 30 m Rill 

 

 

 

 

 

 

 

 

 

 

 

 


