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Abstract 
 
Mining operations at the Kristineberg Mine approaches depths of more than 1200 m.  
Severe ground conditions are consequently expected due to the combination of weak rock 
formations and relatively high in-situ stresses which are making the ground support 
installation inevitable. The applied support technique, however, is not unique and varies 
depending on the ground deformation characteristics, i.e. failure type and magnitude. On 
the other hand, the complex geology of the mining zone induces different types and 
magnitudes of failures as the rock types and locations vary at different levels of the mine. 
As a result, to improve the support performance, the possible ground conditions which 
may be arising from varieties of geological parameters at the mine need to be known.         
 
This work aims mainly at studying the ground deformation characteristics against some 
of the most probable geological scenarios at the mining zone. The study is performed 
through numerical modeling of an unsupported stope by FLAC2D; the required input data 
is determined based on the observations and literature, the proper modeling approach is 
identified and the modeled deformation behavior of the stope is studied through so-called 
“Parameter Analysis”. The results of this analysis can be used, then, for further numerical 
simulations of the supported stopes. 
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1 Introduction  
 

1.1 Background  

 
The deep mining operations at the Kristineberg mine results in serious ground control 
problems; failure of the roof and sliding of the side walls have occurred due to the 
combination of poor geological conditions of the existing rock units and the high in-situ 
stresses which are increasing by depth. These are all necessitating the application of rock 
support systems to maintain the safety of the stopes and feasibility of the mining 
activities. Such support systems would be adopted based on the potential deformation 
pattern and magnitude. However, the variable rock qualities, resulted from the complex 
geology of the mining zone, introduce a series of possible deformation patterns with 
different magnitudes which complicate the support design further. 
 

1.2 Objectives and Approach 

 
The purpose of this study is to evaluate the ground deformation characteristics against the 
most probable geological scenarios at the mining zone. In other words, this work aims at   
investigating the ground conditions’ sensitivity to variables such as rock units’ geometry 
and location in the vicinity of the stopes. The results of such an investigation can be used 
then to facilitate the effective support design. 
  
In this work the deformation behaviors of the Kristineberg mine unsupported stope, with 
respect to some probable varieties of geological conditions, are studied through 
presentation of the numerical modeling analysis; numerical models of a stope are set up 
in which the influence of different rock conditions on the failure type and quantity are 
examined by so-called parameter study.  
 
The modeling work is performed by the explicit finite difference Itasca code, FLAC2D 

which is a powerful numerical analysis tool for modeling soil, rock and structural 
behavior in the fields of geo-mechanics and mining engineering.  
 

1.3 Literature Review 

 
A series of studies on the numerical modeling of the Krsitineberg mine were reviewed 
which were all parts of the main project “Mining at depth” with the objectives of 
prediction of mining conditions at depths of more than 1000 m and improvement of the 
required supports to stabilize the stopes at such depths. These objectives were addressed 
mainly by analysis of two types of numerical models: 

1) Simple, mine scale elastic model which was firstly calibrated against the mining 
experiences and then used to predict the mining conditions and optimize the stope 
sequencing, considering cut-and-fill mining method.  (Nyström et al. 1995) 
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2) More detailed, stope scale model that was initially calibrated against the failure 
mechanisms, which were determined in detail by in-situ observations and 
measurements, at the 804 stope (Board et al. 1992). The model was used then to 
predict rock mass and support response for different support alternatives through 
presentaion of the parametric study in an attempt to optimze the support 
performance (Rosengren et al. 1992).  

 
The surveyed literatures have presented the potential ability of a two dimensional 
numerical model to approximately reproduce complex failure mechanisms accompanying 
deep cut-and-fill mining at the Kristineberg Mine (Board et al. 1992). Such an ability has 
been employed in the current project, but with some differences as follow:    
 

- The numerical models presented in the current project are not calibrated against 
any specific failure mechanisms or magnitude since the work aims at studying the 
general ground control problems against different varieties of probable geological 
and geometrical features of the stope neighboring zone. However, reviewed 
analyses were focused mainly on the stress-related ground conditions and the 
corresponding support requirements using numerical models. These models were 
firstly calibrated against the observed and measured deformations of a specific 
stope. 

- The presented study models the deformation behavior of an unsupported stope, 
i.e. the supports have not been modeled in this contribution. 

- FLAC2D has been the main modeling code in this report while the surveyed 
analyses used UDEC as the modeling tool. 

 

1.4 Thesis outline 

  
Following, a brief description of the Kristineberg mine is given in chapter 2, where the 
mine geology, mining method and the common ground control problems are presented. 
The modeling procedure, which has been the main part of this work, is explained in the 
third chapter where the model inputs are determined and the models are set up. The 4th 
chapter is presenting the modeling results and the corresponding discussions. 
Conclusions are made and the further future works are recommended in the 5th and 6th 
chapters respectively as the final parts of this report.                  
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2  Kristineberg mine 

2.1  General 

 
Kristineberg is a poly-metallic sulphide mine, located in the district of Lycksele, 
Västerbotten County in Northern Sweden, approximately 175 km southwest of Luleå. 
Kristineberg is among the first ores found in the Skellefte-district which is a mineral-rich 
field, extending a distance of about 100 km from Boliden in the east to Kristineberg in 
the west.                                                                                                         
 
 

 
Figure 2.1  Location of Kristineberg, Northern Sweden (Lövgren et al., 2007) 
 
Kristineberg mine is the northern Sweden largest producer of base metals including gold, 
silver, copper, zinc and lead. However, in terms of value, zinc is the most important ore 
extracted from the mine. 
 
Discovered early in the last century, Kristineberg is the oldest mine in the Boliden Area. 
The mine was brought into production in 1940 to support Sweden’s supply of base metals 
during the war. The mine is owned and operated, since its opening, by Boliden Mineral 
AB which is among leading European metal companies. 
Today, Kristineberg is one of the deepest mines in Sweden with operations at +1200 
meters.  
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2.2  Geology 

 
The Kristineberg deposit is situated in a wide zone of sericitized and chloritized ore-
bearing volcanic rocks in the westernmost part of the Skellefte ore district. The deposit 
consists of three main ore zones (Årebäck et.al 2005): 

1- Massive, pyrite-dominated sulphide lenses of the A-ore which is historically the 
main ore, extending from the surface to the depth of about 1200m. The A-ores 
have been essentially mined out.   

2- Massive, pyrite dominated sulphide lenses of the B-ore which is extending to the 
depth of about 1000m. 

3- The recently discovered Einarsson zone, situated in the vicinity of the B-ore 
which consists mainly of Au-Cu rich veins of pyrite, chalcopyrite and pyrrhotite 
as well as sulphide lenses. Present mining at Kristineberg is concentrated in this 
zone which includes the Einarsson and Einarsson west lenses (Au-Cu), the J-lens 
(Cu-Zn-Au) and the K-lens (Zn-Ag-Pb).  The location of the zones and lenses is 
shown in Figure 2.2.  

 

 
Figure 2.2  The location of the main ore zones of the Kristineberg deposit in a longitudinal section 
(Årebäck et al., 2005) 
 
      
These zones lie within schistose, deformed and metamorphosed volcanic altered rocks 
which contain varying proportions of quartz, muscovite, chlorite, phlogopite, pyrite, 
cordierite and andalusite with the strongest alterations within 5-10 m of the ore lenses. 
(Årebäck et.al 2005) The strata in the district are generally steeply dipping with a 
variable dip between 45° and 80° and have undergone several phases of deformation.  
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The geology of the J-lens, which is currently under development and measurement, can 
be characterized more in detail based on the results of the performed core drilling at 4 
cross sections along the strike of a stope at the J-lens (BOLIDEN report) (Figure 2.3)  
   
 
 

 
 
 
 
                                                                                         
 
 

 
 

Y   875

Y   850

(a) 

(b) 
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Figure 2.3 Core drilling geological results at J-lens for (a) Y=875 (b) Y=850 (c) Y=825 (d) Y=800              
(Y refers to the east-west position) (BOLIDEN report) 
 

                                                                                                                              
 

Y   825

Y   800

(c) 

(d) 
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It can be seen from the Figure 2.3 (a-d) that: 
- Cordierite quartzite (shown in blue) is generally surrounding the stope in all 4 

sections and therefore, can be considered as the host rock. 
- Close to the hangingwall side of the stope a layer of chlorite quartzite (shown in 

aqua) and/or chlorite schist (shown in green) is evident at Y 875 and Y 850. 
However, it is not the case for Y 825 and Y 800, where the more competent 
cordierite quartzite or massive sulphide (shown in red) forms the hangingwall 
neighbor of the stope. 

- The massive sulphide rock (drawn in red) indicates the mineable part of the zone 
and is shown to be partially excavated. The occasional existence of the weak 
altered materials such as chlorite quartzite and chlorite schist beside or within the 
sulphide rocks can also be observed. Furthermore, the variable dip of the ore vein 
which is caused by the irregular presence of the sulphide rocks can be identified 
from the figures.   

- In the immediate footwall vicinity of the stope, the weak chlorite schist and 
chlorite quartzite are frequently presented. However the existence of more 
competent formations such as sulphide rocks or cordierite quartzite is recognized 
infrequently along the footwall neighbor.   

A field study has also been conducted at the J-ore and the detailed geological conditions 
were observed (Basarir, 2011). The main observations are as follows: 

- A thin layer of chloritic quartzite at the hangingwall side of the stope with the 
approximate thickness of maximum 10 cm. 

- A layer of altered chlortie schist (talc schist) formation at the footwall side of the 
stope with the approximate thickness of 0.5-1 m (Figure 2.4) 
 

 
Figure 2.4  very weak talc schist formation at the footwall side of the Kristineberg mine, J-ore (Basarir, 
2011) 
 

- Occasional existence of a thin and relatively strong sulphide layer (pyrtie) at the 
footwall side of the stope just above the talc schist formation. (this observation 
may justify the occasional small deformations at the footwall side)  

- The inhomogeneity of the orebody in quality; the strength properties of the ore 
seems to be decreasing towards the footwall side of the stope. This is in 
agreement with the previous studies on the geology of the stopes and the core 
drilling results, mentioned above, which are showing the inclusions of weak 
chloritic minerals into the ore.                                             
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2.3  Mining method 

 
Around 80% of the ore mined at Kristineberg is extracted using the cut-and-fill method 
(Boliden Area); the ore is developed by a spiral ramp in the footwall from which a series 
of crosscuts are driven to the orebody. From the crosscuts, stopes are mined by breasting 
using drill jumbos and LHDs. The mined out sections are then backfilled with hydraulic 
tailings and waste rocks which is finally covered by cement. Backfilling materials absorb 
the mining-induced pressures on the sidewalls (supportive role) and provide working 
floor for the upward cut. Figure 2.4 shows a schematic representation of cut and fill 
mining. 
 

 
Figure 2.5  Ordinary cut-and-fill mining (the whole width of the ore is mined out at once with horizontal 
drilling) (Board et al., 1991) 
 
 
When the orebody is more than 8 m wide or in case of particularly poor side walls, a 
drift-and-fill method is used, where the ore width is divided into some parts and mined 
out and backfilled separately (Figure 2.5) 
 
 

 
Figure 2.6  Drift-and-fill mining (in areas of weak rocks or wide ore) (Board et al., 1991) 
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2.4  Ground control problems 

 
The general ground control problems and failure mechanisms which occur frequently in 
the Kristineberg mine are closely related to the typical geological conditions and 
geometry of the mine (Nyström et.al 1995); the presence of the weak chlorite quartzite 
and talc schist in both sidewalls and weak interfaces between the rock units, especially 
along the hangingwall and footwall contacts, result in failures in the roof and sidewalls in 
a pattern which is fairly common in the mine. 
 
As a stope is excavated, the relatively hard ore in the roof is subjected to the stress 
concentration parallel and stress relief perpendicular to the roof. Consequently the ore 
fails in extension and fractures into relatively thin plates parallel to the free surface of the 
roof. On the other hand, a form of foundation failure is also apparent as the ore roof 
punches into the weak side walls which results in squeezing the altered materials of the 
sidewalls into the stope. The downward shear of the sidewall rocks, in turn, drags the 
split roof ore downward and pulls it apart along its fractures. This ends in fallouts of 
blocks from the roof along its contact to the altered zone. When the sidewalls are 
relatively more competent, however, shear failure mechanism doesn’t occur and the walls 
deform rather in bending mode. Figure 2.6 shows the explained typical failure patterns, 
including the shear failure in the weak footwall, bending of the hangingwall and 
separation of the roof slabs.  
 

 
Figure 2.7  Schematic representation of the major failure mechanisms (Board et al., 1992) 
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In addition to the mentioned failure mechanisms which arise from the weak sidewalls, a 
series of ground control problems may be experienced due to the existence of the weak 
contacts, in a fashion explained below: 
 
The weak, altered contact zones, between the ore and the sidewalls or within the ore 
itself, may fail and lead to the removal of the ore confinement. Consequently, the ore 
slabs can cave freely by gravity and result in wedge failures which can run up along the 
contact and make the near vertical roofs, namely “church roof” (Figure 2.7).    
 
 

 
 

   
 

 
Figure 2.8   Typical failure patterns associated with the weak contact zones (Board et al., 1991) 
 
 
There are also failure mechanisms which are not frequently experienced in the mine. 
Such failures can arise from specific unfavorable geological or mining conditions; for 
example, the probable existence of shear bands which cut the ore body or the rapid 
thinning or thickening of the ore body may leave weak contacts and potential failure 
surfaces in surrounding rocks which will appear in the roof of the next upward stope. 
(Figure 2.8)  In such conditions, the fallouts of the exposed blocks in the roof by shear or 
along the weak contacts may be encountered.  

(a) Slipping contact 

(b) Altered zone undermined

(c) Altered zone in center of stope 
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Figure 2.9  The intersecting shear zone and the widened chlorite in the hangingwall which create potential 
failure surface (Board et al., 1992)  
 
 
As can be seen, a variety of different failure mechanisms can be experienced, each of 
which is associated with a specific geological and geometrical conditions of the stope 
surrounding zone.  
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3 Numerical Modeling 
 
It has been shown by now that the failure mechanisms experienced at the Kristineberg 
mine, are largely depending on the geological and geometrical conditions of the rocks, 
surrounding the stopes. The geology of the mining zones, on the other hand, shown to be 
complex and variable along the strike of the orebody which, in turn, complicate the 
understanding of the mining- induced failure pattern and magnitude at the stopes. 
 
One of the purposes of the numerical modeling in this study is to relate the failure pattern 
and magnitude of a stope to the geology and geometry of the rocks, surrounding that 
stope.   
 
Following in this chapter, the applied method of analysis is explained. FLAC 2D which 
has been the main simulation code in the study, is introduced in detail, the required model 
input data are determined and finally, the numerical models are presented. 
 

3.1 Method  

 
The deformation behavior of an unsupported stope is modeled numerically using FLAC2D 
and the influence of probable geological and geometrical changes around the stope on the 
failure characteristics is examined through presentation of parameter analysis: 
 
Initially, the required inputs for the numerical model are outlined and determined. These 
inputs include stope geometry and geology, strength properties of the rock units and 
contact zones (interfaces) and the initial stresses. The approach is continued by 
introducing the “base case model”, which is set up based on a series of determined rock 
properties and configuration as reference input. Theses inputs are approximated to reflect 
the current mining status as accurately as possible. The validity of the base case model is 
then verified by comparison between the modeled failure of the stope and the general 
failure mechanisms as well current mining conditions observed and measured at the 
Kristineberg (chapter 2.4). When the base case model is shown to be able to reproduce 
the general failure behavior, the modeling procedure proceeds; further models are made 
to represent probable variations of the geological features around the stope. The 
simulated deformation pattern and magnitude of the stopes in mentioned models are 
finally compared together and to those of the base case model to determine the extent at 
which each parameter affects the deformation characteristics.  
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3.2 FLAC2D 

 
FLAC2D (Fast Lagrangian Analysis of Continua) is a two dimensional explicit finite 
difference program for engineering mechanics computation. FLAC was developed by Dr. 
Peter Cundall in 1986, originally for geotechnical and mining engineering applications. 
This program simulates the behavior of soil and rock structures as their yield limit are 
reached. Containing many special features and facilities such as built-in programming 
language, FISH, FLAC is a powerful simulation code which offers a wide range of 
capabilities to solve complex problems.  
 
In FLAC, materials are presented by elements or zones which, together, form a grid. This 
grid can be shaped to fit the geometry of the object to be modeled. Each element is then 
given a constitutive model based on which it responses to the applied forces or boundary 
restraints. As the stresses and forces are initialized within the modeled structure, the 
FLAC calculation sequence is started; the equations of motion are invoked to derive the 
velocities and displacements from applied stresses and forces. The velocities are then 
used to calculate the strain rates. The new stresses are finally derived from strain rates 
based on the prescribed stress/strain law (constitutive model) in the elements (Itasca, 
2008). This cycle is then repeated until the initially applied forces are approaching zero, 
i.e. the model reaches the equilibrium. Figure 2.9 simply shows the basic calculation 
cycle in FLAC. 
 

 
Figure 3.1  Basic explicit calculation cycle (Itasca, 2008) 
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3.3 Model inputs 

  
One of the most important issues in numerical modeling is the accurate estimation of the 
input parameters; the quality of the results predicted by a numerical model is largely 
depending on how well the inputs are approximated. In this section, the model input 
parameters are outlined and estimated based on the literature, measurements and 
observations. 

3.3.1 Geometry 

 
The general geometry of the drift to be modeled looks like Figure 3.2 (a) which is based 
on the performed total station measurements in a drift at J-zone.  
 

 
 
Figure 3.2  Drift Geometry (a) measured by "total station" (Kristineberg) (b) simplified for modeling 
purpose 
 
 
To make the simulation easier, the real geometry is simplified and approximated by a 5-
sided polygon which is shown in Figure 3.2 (b); the drift dip is roughly 60°, the 
maximum span is 7 m and maximum height is 7.5 m. Other geometrical features of the 
drift are shown in the figure above. Based on the simplified geometry, the co-ordinates of 
the polygon’s vertices are calculated and assigned to the model. 
 
It should be noted that the above mentioned geometry describes the shape of the main cut 
at which deformation studies are being carried out. Besides, three more drifts have been 
considered under the main cut, by simpler geometry of parallelograms with the height of 
6 m and base of 7 m. These three drifts are used when modeling the excavation and 
backfilling operations of the lower levels to study the influence of such operations on the 
deformation conditions at the main cut.  
 

     (a) (b)
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3.3.2 Geology 

 
The geology of the mine needs to be known in numerical modeling, because it determines 
the type of rock units as well as their locations and geometry around the stope to be 
modeled.   
 
As previously explained, the general geology of the mining zone is complex, presenting a 
series of metamorphosed rocks with different degrees of alteration which surround the 
sulphide ore. However, the results of performed core drilling as well as in-situ 
observations at J-ore (explained in section 2.2) can give a clearer view of the geological 
conditions of the mine, around a stope, as follows: 
  

- Cordierite quartzite is the country (host) rock, surrounding other formations 
around the stope. 

- Altered chlorite quartzite and chlorite schist (talc) form the weak sidewalls of the 
stope; chlorite quartzite layers of maximum 10 cm thick as well as chlorite schist 
(talc) layers of 0.5 to 1 m thick are observed at the hangingwall and footwall side 
of the studied stopes respectively.  

- The sulphide rocks form the mineable part at the stope. The strength properties of 
the ore are affected (decreased) by occasional inclusions of weak altered chlorite 
minerals, mostly towards the footwall neighbor. To take this inhomogeneity into 
consideration in stope modeling, the orebody is divided into two parts: the weak 
ore which is located close to the footwall and the relatively more competent ore in 
the proximity of the hangingwall side of the stope.  

 
Figure 3.3 shows the rock units around a stope, based on the above-mentioned 
observations and measurements: 
 

 
Figure 3.3  General rock units around a stope at the Kristineberg mine: 
Unit 1: cordierite quartzite (country rock), unit 2: chlorite quartzite/chlorite schist, unit 3: (relatively) 
competent ore, unit 4: weak ore and Unit 5: backfilling materials. (Note that the figure is not scaled) 
 
As it is shown, the stope bounding layers (shown in green) are assumed to be dipping 
with the same angle as the stope itself, i.e. 60° (section 3.3.1). This is another 
simplification which is made to facilitate the modeling setup.   
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3.3.3 Material properties 

 
Strength properties of the formations are among important required input parameters in 
numerical simulations; the strength properties determine the deformation response of a 
body when subjected to the stresses and forces.  
The properties of the materials around the stope are evaluated here in two parts: the first 
part deals with the assessment of the rock units’ properties around the stope, while the 
second part studies the backfilling material properties located underneath the drift.   
 

3.3.3.1 Rock units properties 

 
Determination of the rock mass properties, such as deformation modulus and 
compressive strength, by in-situ tests are costly and time consuming. Also, only a few lab 
tests have been conducted to evaluate the quality of the rock formations around the stopes 
(at J-zone) at the Kristineberg mine. That might be due to the complex nature of the rock 
units which complicate taking representative samples to be examined. Therefore, the 
necessity of an accurate approximation of the rock mass properties is apparent. 
 
Basarir (2011) has developed a methodology to estimate the strength properties of the 
rock mass at J-zone. Following, the applied method is briefly explained: 
  
The strength of the intact rocks (σci), the materials constant (mi) and the GSI value of the 
individual rock units are initially determined based on the combination of field 
observations, literatures (on rock mass classification systems) and previously conducted 
laboratory test results. The determined variables are then used to calculate the Hoek-
Brown strength parameters of the rock formations based on Hoek, (2002) and the 
rocscience program, RocLab. The deformation modulus of the rock units, however, is 
calculated based on the GSI value and the proposed formulations by Hoek (2006). Table 
1 shows the results of the calculations:  
 
Table 1: Calculated Hoek-Brown parameters and Young modulus of the rock units surrounding a stope at 
the J-zone, Kristineberg mine. (Basarir, 2011) 

Formation 
σci 

(MPa) 
GSI mi mb s a 

σc 

(MPa) 
σcm 

(MPa) 
Em 

(MPa) 

Chlorite/talc Schist 5 20 9 0.52 0.0001 0.544 0.04 0.38 669 
Weak Ore 40 40 17 1.99 0.001 0.511 1.32 7.28 3986 

Competent Ore 59 45 19 2.67 0.002 0.508 2.65 12.64 6138 
Chlorite Quartzite 92 60 23 5.51 0.012 0.503 9.85 29.43 20365 

Cordierite Quartzite 109 70 27 9.25 0.036 0.501 20.5 46.44 38828 
 
The calculated Young’s modulus from Table 1 together with the Poisson’s ratio of 0.25 is 
assigned to the units as their elastic properties.  
The plasticity model of Mohr-Coulomb is chosen for the rock units in this modeling 
study; so the equivalent Mohr-Coulomb strength parameters- consisting of cohesion, 
friction angle and tensile strength of the formations- are calculated from the above Hoek-
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Brown parameters, based on Hoek (2002) and regarding the drift depth of 1200m, where 
the current mining operations are being performed. The results are presented in Table 2: 
 
Table 2:  Estimated Equivalent Mohr-Coulomb parameters of the rock formations at J-zone, (Basarir, 2011)  

Formation 
c 

(MPa) 
φ,° 

σtm 

(MPa) 
Chlorite/talc Schist 0.55 9.48 0.0 

Weak Ore 2.52 29.37 0.03 
Competent Ore 3.27 34.74 0.05 

Chlorite Quartzite 5.11 44.23 0.20 
Cordierite Quartzite 6.71 49.54 0.42 

 

3.3.3.2 Backfilling material properties   

 
The backfilling materials are generally considered in terms of their support capabilities. 
The support effect of the backfill depends on its strength and deformation properties. So, 
to simulate the deformation behavior of a stope, a good understanding of the backfill 
properties is required.  
Unfortunately, no experimental investigations have been done to evaluate the actual 
strength and deformation properties of the applied backfilling materials. Therefore, these 
parameters were obtained from literatures. 
The reviewed literatures are generally relate the strength and deformation parameters of 
the cemented backfill, which is the case at the Kristineberg mine, to the physical 
properties of the backfill constituents such as cement content, moisture content, porosity 
(void ratio), dry density and particle size distribution. However, the mentioned 
parameters are again unknown in the current project, i.e. they can’t be applied to 
calculate the strength and deformation properties of the filling materials.  
As the final try, the strength and deformation properties of the backfill materials decided 
to be approximated considering similar case studies. The following three cases, shown in 
Table 3, belong to the sulphide copper mines which seem to be similar to the case at 
Kristineberg.   
 
Table 3: the strength properties of the backfill materials (Singh et al., 1981) & (Sinclair et al., 1981) 

Case No. 
tailing/cement 

ratio 
E 

(MPa)
ν 

K 
(MPa)

G 
(MPa)

c 
(MPa) 

φ,° ψ,° 
ρ 

(kg/m3)
1 32:1 82 0.3 68 32 0.14 40 15* 2080 
2 32:1 41 0.3 34 16 0.14 40 0 2080 
3 16:1 172 0.3 143 66 0.2 40 0 2080 

Average 2&3 24:1 106.5 0.3 89 41 0.17 40 0 2080 
Case No.1 shows the results of the performed tests on the backfill materials at the 
Falconbridge Strathcona mine (Singh et al., 1981). The mine is located in Ontario, 
Canada with the major ore minerals including chalcopyrite, cubanite, pyrite and 
pyrrhotite. (*dilation angle value is assumed to be 15 and is not the test result) 
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Cases No. 2 and 3 are presenting strength properties of two types of backfilling materials 
with two different cement contents at a nickel-copper sulphide mine at the Sudbury area 
of Ontario. (Sinclair et al., 1981)    
Comparing the cases together, some similarities can be recognized in parameters like 
density, poissons ratio and friction angle between different cases. Also, the influence of 
increasing cement content (from 32:1 to 16:1) on the increase of stiffness modulus and 
cohesion of the backfill can be seen clearly.  
 
To evaluate the model inputs which can be a representative of the cases above, the 
average of parameters presented in case 2 and 3 (which belong to the same mine) are 
calculated as the first approximation. (These parameters are highlighted in Table 3)  The 
estimated parameters can be further modified as the modeled behavior of the stope is 
compared to the measurements and observations at that stope. 
       
 

3.3.4    Interface properties 

 
FLAC model accounts for the stiffness characteristics of the joints in explicit form. So 
the joint stiffness properties should be evaluated as well as other input parameters in 
numerical modeling analysis. However, like strength and deformation properties of the 
formations, no investigations in the form of laboratory experiments like direct shear test 
has been made to study the strength and deformation properties of the interfaces at the 
mine. 
 
A series of literatures were surveyed, aiming to approximate the stiffness properties of 
the interfaces either by a similar case study or an empirical formulation: 
 
Rechitskii (1999), presented the results of the analysis of a large number of full scale tests 
on the properties of joints with different morphologies which were conducted in Russia. 
Factors that would hypothetically exert the greatest influence on tangential and normal 
stiffness were evaluated and empirical realtionships were proposed.  
 
Indraratna et al. (2005) reported a study aimed at developing a methodology for 
predicting the shear strength of the infilled joints, taking into account joint surface 
characteristics and the properties of the joint and infill miaterials. 
 
Barton (1972) described a method for producing mating tension fractures in a weak, 
brittle model material. The direct shear properties of three different model joints are 
compared and evaluated and the results are used as a basis for predicting a full scale 
displacement accompanying shear failure. Also, the results of shear and normal stiffness 
tests on the model joints are used for the assessment of these qualities; the shear stiffness 
is found to be both normal stress and size dependent. The normal stiffness, however, is 
found to be dependent on the preconsolidation stress level. 
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Although the reviewed empirical relations and methodologies could have potentially 
approximated the stiffness properties satisfactorily, however, they didn’t apply to 
evaluate the interface properties in the current study due to the lack of parameters 
required by the corresponding proposed formulations. 
 
To make an initial evaluation of the joint stiffness, a simpler methodology is applied 
assuming that the joint has an infill material with known elastic properties. Based on this 
approach, the stiffness of a joint can be estimated from the thickness and modulus of the 
infilling material by the following equations (Rocscience):  
 
kn= E0 / h 
ks= G0 / h 
 
where, 
kn: normal joint stiffness 
ks: shear joint stifness 
E0: Young’s modulus of infill material 
G0: shear modulus of infill material 
h: joint thickness  
 
Considering “very soft clay” as the infill material with the approximate thickness of 10 
mm and Young’s modulus of 2.4 MPa  (GeotechInfo.com), the normal and shear stifness 
values of the interfaces are calculated as 240 MPa/m and 96 MPa/m respectively.1  
Also, the Mohr-Coulomb slip criterion is considered for the joints which means the joints 
are allowed to slip along the interfaces. To consider the worst case scenario, low values 
of cohesion and friction as well as tensile strength are given to the interfaces; the 
cohesion and tensile strength of zero and the frcition angle of 5° are considered as the 
plastic parameters of the joints in the current numerical simulation. The summary of the 
calculated and assumed interface parameters which have been assigned to the FLAC 
model are tabulted as follow: 
 
Table 4: Interface strength properties used in the FLAC model 

Interfaces strength properties 
Elastic properties Plastic properties 

kn (MPa) ks (MPa) c (MPa) φ, ° σt (MPa) 
240 96 0 5 0 

 
 

3.3.5 Initial stresses 

 
Initial stress condition is another required input for the numerical modeling analysis. The 
initial stress magnitude and direction at the mining zone which is assigned to the model 
in the current study is based on Stephansson, (1993) which implies the depth dependency 
of the principal stresses as follow: 
                                                 
1 The Poisson’s ratio of 0.25 is considered when calculating the shear modulus of clay. 
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σ1 = σzz = 10.8 + (0.037* Z) 
σ2 = σxx = 5.1 + (0.029 *Z) 
σ3 = σyy = 0.8 + (0.02 *Z) 
  
Where “Z” is the depth of the point at which the stresses are to be calculated. 
 
The maximum principal stress, σ1, is along the strike of the orebody (out of plane in 2D 
face), the intermediate principal stress, σ2, is the horizontal stress and the minimum 
principal stress, σ3, is the vertical stress which is mainly caused by the weight of the 
body. Considering the depth of 1200 m, which is the depth of J-ore at which the current 
mining operations are performed, the principal stresses are calculated as below: 
 
σ1 = σzz = 55.2 MPa 
σ2 = σxx = 39.9 MPa 
σ3 = σyy = 24.8 MPa 
 

3.4 Models 

 
In this section FLAC models are set up based on the determined input parameters, 
presented in the previous section. Firstly, the base case model is introduced through 
determination of the reference inputs and description of the modeling formulation. When 
the model is set up, it is validated by comparing the deformation pattern and magnitude it 
predicts with the experienced conditions at the current mining status.  
 
As the base case model is shown to be capable of approximating the realistic ground 
conditions at the mine, further models are set up based on the same modeling formulation 
to examine the influence of the input parameters variation on the deformation behavior of 
the stope. 

3.4.1 Base case model 

In this part the reference inputs are determined, the general modeling formulation is 
outlined and finally, the modeled ground condition is compared to the current status of 
the mine to verify the validity of the base case model. 

3.4.1.1   Reference inputs 

 
The assigned reference inputs to the base case model are as follow: 
 

 Geology (Rock units around the drift):  
 
10 cm of chlorite quartzite and 1 m of chlorite schist form the hangingwall and 
footwall neighbors of the stope, respectively. The other units are the same as 
what explained in section 3.3.2.  
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 Interfaces 
 
Interfaces may exist along the boundary between any two rock units or even 
within one of them (like the weak contacts within the orebody). However, to 
keep the model simple, just one interface, which is apparently the most 
important one, is considered in the base case; the interface between the chlorite 
schist and the country rock seems to be the most critical contact in the vicinity 
of the stope since it has been contributing to the typical failure of footwall schist 
along its boundary with cordierite quartzite. (The existence of more interfaces is 
examined later in this study.)  
 

   Other inputs 
 
The geology of the stope neighbor and the interfaces existence are the variable 
parameters in this study; the other inputs remain the same through the whole 
analysis as what was determined in section 3.3. 
  

3.4.1.2 Modeling formulation  

 
This section explains briefly the steps of constructing the FLAC base case 
model: 
 

 FLAC grid generation 
 
When generating the FLAC grid to fit the physical region under study, the 
following two aspects must be considered (Cao, 1997): 
 
1- The size of the model must be large enough to get rid of the influence of the 

model boundary 
2- To reduce computer run time and get an accurate solution, a higher density 

of grid zones required in the region of interest and a lower density of zones 
can be applied in the area where little to no variation in field variables, such 
as the stresses is expected.  

 
In the present study, a grid of 246*222 zones is initially generated. The grid is 
then divided into some blocks based on the geometry of the rock units and 
considering the mentioned aspects above. Each block is then adjusted to fit the 
shape of the rock unit to be modeled.  
 
The generated model covers a height of 100 m (from the depth of 1150 m to 
1250 m) and the width of 50 m on either side of the central region. The fine grid 
of about 20-25 cm covers the central drift and its surrounding while coarser 
grids of about 0.5 m covers the country rock region. Figure 3.4 shows a close-up 
view of the main drift region and its neighbor which is finely zoned. 
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 Sub-grids attachments and interface presentation  
 
The sub-grids are attached together (yellow marks in Figure 3.4) to represent a 
unit body and the only interface is introduced (white marks in Figure 3.4) along 
the boundary between the chlorite schist and the country rock.   
 
 

 
Figure 3.4 A close-up of a FLAC grid in the vicinity of the man drift (base case model) 
 
 

 Boundary conditions 
 
The top and bottom boundaries of the model are fixed in the vertical direction, 
while the left and right boundaries are fixed in the horizontal directions. 
 

 Assigning materials and interface properties 
 
The determined properties of materials and the interface (based on section 3.3.3) 
are assigned to the model formations at this stage. (Figure 3.5 shows the 
materials in different colors) 
 

 Displacement history ordering around the drift 
 
FLAC has the capability of updating the zones and grid points’ parameters as 
they change and keeping track of them; a history of parameters’ changes can be 
ordered to evaluate the behavior of the formations as the modeling proceeds. 
 



23 
 

In the current study the displacement history at 8 points along the drift boundary 
are ordered. Figure 3.5 shows how these points are distributed around the drift; 
3 points at each side wall on the top, middle and bottom of the wall, one point in 
the middle of the roof and one in the middle of the floor. The displacement 
history of these 8 points will be the main criterion in this study to evaluate the 
stope deformation behavior and compare it with other models. (for the side wall 
points both x and y displacement history is followed while for the middle roof 
and floor only y displacement history was concerned.)    
 

 
Figure 3.5 A close-up view of the FLAC base case model after the materials and interface properties are 
assigned to the formations. Points 1 to 8 show the points at which the displacement histories are recorded.  
 
 

 Loading the model (initial stresses) 
 
The stresses are initialized in the model zones at this stage based on the 
calculations presented in section 3.3.5. Note that constant filed of stress is 
considered in this modeling project and the gravitational changes are not 
considered.  
 

 Equilibrium, Excavation, Backfilling cycle 
 
The unexcavated model is initially equilibrated elastically to let the formations 
settle down as they are loaded. The excavation operations start, then, at the 
lowest cut and followed by elastic and plastic equilibrium. The upper cut is then 
excavated and the first one is backfilled and the same cycle of elastic and plastic 
equilibrium is repeated. The modeling continues the same way till it reaches the 
excavation of the main cut. Figure 3.6 shows the sequential excavation and 
backfilling operations in the FLAC model preceding the main drift excavation.     
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Figure 3.6 Sequential excavation and backfilling operations in the FLAC model, preceding the main drift 
excavation 

     
For further information regarding the way the base case model is developed, the 
corresponding data file for the base case model is appended at the end of this report. 
(Appendix A) 
 
    

3.4.1.3 Base case model validation 

 
Although the base case model has not been calibrated against any specific ground 
conditions, however, it should be able to represent the general deformation pattern and 
magnitude at the mine. Figure 3.7 compares the general failure mechanisms experienced 
at Kristineberg and the modeled displacement vectors of the stope resulted from FLAC 
base case model. It can be seen that both figures present the shear movement of the 
footwall which is one of the dominant failure mechanisms at the mine.  

                              

Bending failure
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1
Punching

failure

Shear
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    (a) 
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(b) 
 
Figure 3.7 (a) General failure mechanisms experienced at Kristineberg mine (b) Displacement vectors 
resulted from the FLAC model   
 
Also, the left-downward displacement vector for point 1 (Figure 3.5) is estimated to be 77 
cm which is in consistency with the measured 20-30 cm displacement of the supported 
stope at J-ore, regarding the support effect and the general overestimation of 
displacements by numerical models. 
 It can be concluded, from the comparisons above, that the model outputs resulted from 
base case FLAC model are in good agreement with the general measurements and 
observations as well as the current mining status. Therefore, the same modeling 
formulation can be applied for developing further models based on geological variations 
to perform the parameter study.       
 

3.4.2 Parametric runs 

 
A series of FLAC models are set up, based on the presented modeling formulation of the 
base case model, to evaluate the influence of geological variations of the stope 
surrounding rocks on the deformation behavior of the stope. The examined cases are 
classified in 3 groups based on the studied geological features. Following a brief 
description of each group is presented.  
 

3.4.2.1 Schist thicknesses in footwall  

 
According to the core drilling results and observations, the thickness of the chlorite schist 
at the footwall side of the stope is not constant and varies along the strike of the ore. To 
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study the influence of such a variation on the stope deformation behavior, 4 models are 
set up based on different probable thicknesses of 0.5, 1, 1.5 and 2 m of chlorite schist 
layer. The remaining geometrical and geological features of the models are the same as 
the base case model.  
 

3.4.2.2 Chlorite quartzite location and thickness (different setting) 

 
The base case model represents the existence of 10 cm chlorite quartzite along the 
hangingwall side of the stope. However, it is known- based on geological survey and 
observations- that this layer varies both in location and thickness; the results of the core 
drilling (section 2.2) showed the occasional existence of chlorite quartzite with different 
thicknesses along the footwall side of the stope as well. To simulate the influence of 
chlorite quartzite in both walls with different thicknesses, a series of runs are considered 
with the following description: 
 

 Case 1: 10 cm of chlorite quartzite in both hangingwall and footwall side 
In addition of 10 cm chlorite quartzite in the hangingwall, the same layer is 
considered at the footwall side of the stope, behind the chlorite schist layer. The 
only interface at the footwall side in the model is moved to the contact between 
the chlorite quartzite and the country rock. The remaining features are exactly 
the same as those of base case model. 
 

 Case 2: 10 cm of chlorite quartzite in the hangingwall- 20 cm in footwall 
This case is like the previous one with one difference; the thickness of the added 
layer of chlorite quartzite in the footwall is increased to 20 cm. 

 Case 3: 10 cm of chlorite quartzite only in the footwall side of the stope 
The existence of 10 cm of chlorite quartzite along the footwall side of the stope 
is studied in this case in the absence of such a layer along the hangingwall side. 
 

 Case 4: 10 cm of chlorite quartzite in both sidewalls with 2 interfaces 
This case is very similar to case 1; 10 cm of chlorite quartzite layers are 
considered at both sidewalls. The only difference is the presentation of an 
additional interface between the talc schist and chlorite quartzite layer at the 
footwall side of the stope. The results of this case could be of help to 
understanding the effect of interfaces on the displacement behavior of the stopes 
at the mine. 
 

 Case 5: 10 cm of chlorite quartzite in both sidewalls with the swapped layers in 
footwall 
Previous 4 cases studied the effect of chlorite quartzite existence in the footwall 
side of the stope, when it is located behind the chlorite schist. However, there 
have been some cases where layers of chlorite quartzite (and even pyrite) are 
identified along the footwall side closer to the stope boundary comparing to the 
chlorite schist. This case, studies the existence of 10 cm chlorite quartzite in 
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both sidewalls (like case 1) with the swapped layers along the footwall side, i.e. 
the chlorite quartzite layer is closer to the drift boundary than the chlorite schist.  
 

3.4.2.3 Chlorite schist layers in hangingwall 

 
Generally, it has been accepted that the hangingwall side of the stopes at Kristineberg 
mine comprises of more competent rock units comparing to the footwall side. The 
existence of weak chlorite schist layer in the footwall and the more competent chlorite 
quartzite in the hangingwall side of the stope in the base case model has been according 
to such a general idea. However, as the geological surveys have shown, the weak chlorite 
schist layer is presenting itself occasionally along the hangingwall side of the stope as 
well. The last group of runs in this study consists of 2 cases which evaluate the existence 
of 10 and 20 cm of chlorite schist layer along the hangingwall side of the stope. The 
remaining modeling features are the same as base case model like the previous runs.    
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4 Results and discussions 
 
The results of the parametric runs, which are previously explained, are presented in this 
chapter. The deformation magnitudes at 8 points along the boundary of the modeled drift, 
as shown in Figure 3.5, have been considered to evaluate the deformation behavior at 
each model and compare the ground conditions in different models.  
 

4.1 Schist thickness in footwall 

 
Four cases are considered in this group of runs, where the influence of footwall schist 
thickness on the deformation behavior of the drift is studied. The cases outline 
considering their corresponding schist thickness is shown in Table 5.   
 
Table 5 Parametric variations in footwall schist thickness 

Run Footwall schist thickness 
1 0.5 
2 1 
3 1.5 
4 2 

 
Figures 4.1 and 4.2 present the resulted vertical and horizontal displacement magnitudes 
at the pre-mentioned 8 points around the drift for the considered variations in schist 
thickness.  
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Figure 4.1 Graphical representation of the vertical displacement magnitudes at 8 points around the modeled 
drift with respect to variations in footwall schist thickness 
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Figure 4.2  Graphical representation of the horizontal displacement magnitudes at 8 points around the 
modeled drift with respect to variations in footwall schist thickness 
 
Considering the results and comparing them together, it can be observed that: 
 

  Displacements, both horizontally and vertically, are concentrated along the 
footwall side of the drift (points 1and 2). This may be due to the existence of the 
weak talc schist in the footwall and relatively more competent chlorite quartzite 
in the hangingwall side of the stope. The displacements are generally the 
maximum at the top (point 1) and decreases (nearly to zero) towards the bottom 
of the footwall (point 3). 

 The occurred displacements along the footwall are left-down ward which is 
implying the shear movement of the weak talc schist into the stope. 
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 As the thickness of the footwall schist increases, the resulted displacements 
generally increase as well. However, x-displacement at point 1 reaches its 
maximum of 63 cm at the schist thickness of 1 m (base case) and decreases 
afterwards as the thickness increases.   

 The vertical displacement in the middle of the roof (point 7) shows a small 
decrease with the increase of the schist thickness. However, the changes are 
very small and the roof (vertical) displacement can be considered independent to 
the footwall schist thickness. 

4.2 Chlorite quartzite different setting (thickness and location) 

 
In this group of runs, the influence of chlorite quartzite existence in the footwall side of 
the stope with different setting on the deformation behavior of the drift is studied through 
evaluation of 5 cases as outlined in Table 6.     
  
Table 6 Parametric variations in chlorite quartzite setting along the footwall  

Run Chlorite Q in HW Chlorite Q in FW Interface 
1 

ClQ1 
10 cm 

10 cm – behind the 
schist 

Between chlorite Q and country 
rock 

2 
ClQ2 

10 cm 
20 cm  – behind the 

schist 
Between chlorite Q and country 

rock 
3 

ClQ3 
- 

10 cm – behind the 
schist 

Between chlorite Q and country 
rock 

4 
ClQ4 

10 cm 
10 cm – behind the 

schist 
Between chlorite Q and country 

rock &between schist and chlorite Q

5 
ClQ5 

10 cm 
10 cm- in front of the 

schist, close to the 
drift boundary 

Between chlorite Q and country 
rock 

 
Figures 4.3 and 4.4 present the vertical and horizontal displacement magnitudes at the 
pre-mentioned 8 points around the drift for the considered variations mentioned above. 
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Figure 4.3 Graphical representation of vertical displacement magnitude at 8 points around the modeled drift 
with respect to variations in chlortie quartzite setting in the footwall side of the stope   
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Figure 4.4 Graphical representation of the horizontal displacement magnitude at 8 points around the 
modeled drift with respect to variations in chlorite quartzite setting in the footwall side of the stope  
 
 
Considering the displacement magnitudes that resulted from this group of runs it can be 
seen that: 
 

 
 Like the previous series of runs the displacements generally occur along the 

footwall side of the stope, i.e. points 1 and 2. Considering vertical 
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displacements, it is only point 1 (at the top of the footwall) at which 
displacement has occurred. The same pattern of left-down ward footwall 
displacements presents the shear movement of the footwall schist into the stope.  
Existence of the weak chlorite schist along the footwall, as was already 
mentioned, can be the main reason of the displacement concentrations along the 
footwall. 

 Addition of 10 cm chlorite quartzite layer behind the schist formation in the 
footwall side (ClQ-1) leads to a drop in vertical and horizontal displacements at 
point 1, located at the top of the footwall. The displacements at point 1 decrease 
even more when a thicker layer of the chlorite quartzite (20 cm) is added behind 
the schist (ClQ 2). These observations imply the supportive effect (in terms of 
minimizing the deformation) of the chlorite quartzite layer which is relatively 
more competent than the schist. It should be noted, however, that the horizontal 
displacements at point 2 (located in the middle of the footwall) don’t follow the 
same trend as observed at point 1; the horizontal displacement at point 2 
increases as the chlorite quartzite layer is added behind the footwall schist. It 
even increases more as the thickness of the added layer increases. 

 Comparison between the displacement magnitudes resulted from ClQ 1 and ClQ 3 
suggests that the existence or absence of the chlorite quartzite formation along 
the hangingwall side of the stope doesn’t affect the displacements at the 
footwall side. 

 The presentation of an additional interface located between the schist and chlorite 
quartzite at the footwall side of the stope (ClQ 4), results in a clear significant 
increase in vertical and horizontal displacements at point 1 at the top of the 
footwall. However it causes a decrease in the horizontal displacement at point 2 
in the middle of the footwall. 

 The supportive effect of the chlorite quartzite layer becomes clearer in the 5th run 
(ClQ 5) as this formation swaps with the schist layer in the footwall, i.e. chlorite 
quartzite layer places in the immediate vicinity of the drift boundary and the 
schist layer is located behind it. The corresponding displacement magnitudes at 
point 1 (at the top if the footwall) show a significant decrease, while it increases 
at point 2. 

 The stope’s roof (vertical) displacement seems not to be affected by the existence 
of the chlorite quartzite in the footwall. The only significant change is the 
displacement increase as the second interface is added between the layers along 
the footwall side.             

 
 

4.3 Hangingwall schist 

 
The influence of the schist layer in the hangingwall side of the stope on the resulted 
deformation conditions is studied in this group of runs. Two cases are considered which 
are summarized in Table 7.  
 



34 
 

Table 7 Parametric variations in hangingwall schist thickness 

Run 
Hangingwall schist 

thickness 
Footwall schist 

thickness 
Hangingwall Chlorite 

quartzite thickness  
1 10 cm 1 m 10 cm 
2 20 cm 1 m 10 cm 

    
 
The newly added layer of schist comes first after the drift boundary and followed by the 
chlorite quartzite formation. The other features of the models in this group are the same 
as the base case. Figures 4.5 and 4.6 are showing the deformation magnitudes resulted 
from the new variations at the 8 points on the drift boundary. 
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Figure 4.5  Graphical representation of the vertical displacement magnitudes at 8 points around the 
modeled drift with respect to variations in the hangingwall schist thickness 
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Figure 4.6  Graphical representation of the horizontal displacement magnitudes at 8 points around the 
modeled drift with respect to variations in the hangingwall schist thickness 
  
Based on the presented results the followings can be observed and concluded: 
 

 Unlike the previous cases, where the displacements only occurred along the 
footwall side, the presented cases show some displacements along the 
hangingwall side of the stope, especially at point 4 which is located at the top of 
the hangingwall. Point 5, in the middle of the hangingwall is also of interest since 
it is deforming right-down ward which is simulating the shear movement into the 
stope. Comparing to the base case model, the footwall displacements decrease at 
point 1 as the schist layer is placed in the hangingwall neighbor. The results imply 
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the weakening effect of the schist layer which is distributing the occurred 
displacements between two sidewalls as it is added to the hangingwall.  

  As the thicker 20 cm layer of schist is added to the hangingwall side of the stope, 
no significant displacement changes is recognized when compared to the first case 
where the 10 cm of the schist layer presented in the hangingwall.   

 
 Point 2 in the middle of the footwall behaves differently, regarding the occurred 

horizontal displacement, from point 1 at the top of the footwall; the horizontal 
displacement at point 2 increases by addition of the schist layer in the 
hangingwall side of the stope. This behavior difference has also been experienced 
in the previous runs.    

 
 The middle roof downward displacement is clearly affected by the existence of 

the weak schist layer in the hangingwall side. The horizontal displacement at 
Point 7 (at the middle of the roof) increases as the schist layer is added to the 
hangingwall and increases even further as the thicker layer of schist placed beside 
the drift. 

 

5 Summary and Conclusions 
 
The presented thesis has studied the deformation behavior of the Kristineberg mine stope 
through performance of 2D numerical modeling. “Parametric study” has been the applied 
method of analysis in which the modeled deformation behaviors of the unsupported stope 
corresponding to geological variations of the stope surrounding rock units at J-zone are 
compared to a base model which has been set up and validated initially. 
 
To perform the modeling analysis the required input data have been determined through 
literatures, observations and limited laboratory experiments. The models are then set up 
based on the determined inputs and developed modeling formulations using FLAC 2D 
which has been the simulation code throughout this study. 
 
According to the performed analysis the following conclusions are made: 
 

1- The presentation of the weak chlorite schist formation on either of sidewalls 
weakens the corresponding wall and generally leads to the shear pattern of failure 
which is followed by relatively large displacements. Also, the existence of the 
chlorite schist in the hangingwall causes the increase in the roof downward 
movement.  Furthermore, it is concluded that the location and thickness of the 
schist governs its weakening effect; as the schist layer gets thicker and closer to 
the stope boundary it generally causes larger displacements.  

2- The existence of the relatively more competent chlorite quartzite in either of the 
sidewalls strengthens the wall in question. The supportive effect of the chlorite 
quartzite is shown to be a function of its thickness and location. However, the 
location factor is concluded to be more decisive.  
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3- Large deformations are shown to be inherent in areas of weak interfaces. It is 
concluded that larger deformations would occur as more interfaces are presented 
between the rock units.  
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6 Future work 
 

 Backfill is one of the key components in cut-and-fill mining; the strength and 
deformation properties of the backfilling material are determining its support 
capabilities and therefore the stability of the stope. The applied properties of the 
backfilling materials in the presented simulations have been determined based on 
literatures on similar case studies. To develop a more representative model, 
determination of the actual physical properties of the backfilling materials through 
laboratory tests seems to be necessary.  

 As it was shown in this study, the interfaces influence the deformation behavior of 
the stope significantly; the existence of a weak contact zone within the rock 
formations can result in serious ground condition problems. To have a real idea of 
the extent at which the contact zones affect the stope stability, the representative 
stiffness properties of the interfaces are required. These properties, in the current 
study, have been evaluated based on a simple formulation. More comprehensive 
laboratory tests are therefore suggested to perform the study more accurately.    

 Generally, the weak contact zones may exist along the boundary between any two 
given rock units or within one itself. However, in this study only a couple of 
interfaces are considered when modeling. Simulation of more interfaces within 
the rock formations will reveal a clearer view of the stope deformation.  

 The models presented in this thesis are simple 2D analyses, while the problem 
appears to the one that can be better modeled using 3D analyses. Therefore, 3D 
numerical modeling is recommended for more reliable understanding of the 
deformation behavior at the stope.  

 As it was mentioned, the geometry of the modeled stope and its surrounding 
formations are simplified so to facilitate the modeling formulation. Based on such 
simplifications, the material layers have been assumed to dip with the same angle, 
i.e. the materials are not cutting each other. A detailed modeling analysis which 
considers the intersection between material layers is therefore suggested to 
provide a more representative view of the modeled area. 

 FLAC2D has the capability of keeping track of the model parameters and updating 
them dynamically as the model runs. This capability can be applied to facilitate 
drawing “Ground Reaction Curve” (GRC) plot which is of great use to determine 
the magnitude of the occurred deformations when the measurements are carried 
out.  Having such information, the optimum time of support installation can be 
evaluated in support-related studies. 
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Appendix A: 
 
The corresponding FLAC data file for the base case model, developed in this study  
 
 
 
config extra 7 
; Grid generation 
grid 246,222 
model elastic 
model null i=101 
model null i=103 
model null i=140 
model null i=146 
model null j=58 
model null j=71 
model null j=84 
model null j=97 
model null j=128 
model null i=139 j=1,57 
model null i=129 j=58,222 
; Generation of the lower part of the Country rock in the hangingwall side 
gen (-50,-50)(-50,-21.5)(-14,-21.5)(-30.45,-50) i=1,101 j=1,58 
gen (-50,-21.5)(-50,-15.5)(-10.53,-15.5)(-14,-21.5) i=1,101 j=59,71 
gen (-50,-15.5)(-50,-9.5)(-7.06,-9.5)(-10.53,-15.5) i=1,101 j=72,84 
gen (-50,-9.5)(-50,-3.5)(-3.6,-3.5)(-7.06,-9.5) i=1,101 j=85,97 
; Generation of the middle part of the Country rock in the hangingwall side 
gen (-50,-3.5)(-50,4)(0.73,4)(-3.6,-3.5) i=1,101 j=98,128 
; Generation of the upper part of the Country rock in the hangingwall side 
gen (-50,4)(-50,50)(27.29,50)(0.73,4) i=1,101 j=129,223 
; Generation of the lower part of the Chlorite Quartzite layer, Hangingwall 
gen (-30.45,-50)(-14,-21.5)(-13.9,-21.5)(-30.35,-50) i=102,103 j=1,58 
gen (-14,-21.5)(-10.53,-15.5)(-10.43,-15.5)(-13.9,-21.5) i=102,103 j=59,71 
gen (-10.53,-15.5)(-7.06,-9.5)(-6.96,-9.5)(-10.43,-15.5) i=102,103 j=72,84 
gen (-7.06,-9.5)(-3.6,-3.5)(-3.5,-3.5)(-6.96,-9.5) i=102,103 j=85,97 
; Generation of the middle part of the Chlorite Quartzite layer, Hangingwall 
gen (-3.6,-3.5)(0.73,4)(0.83,4)(-3.5,-3.5) i=102,103 j=98,128 
; Generation of the upper part of the Chlorite Quartzite layer, Hangingwall 
gen (0.73,4)(27.29,50)(27.39,50)(0.83,4) i=102,103 j=129,223 
; Generation of the Back-filled Region 
gen (-30.35,-50)(-13.9,-21.5)(-6.9,-21.5)(-23.35,-50) i=104,139 j=1,58 
; Generation of the "STAGE1" Competent Ore Region 
gen (-13.9,-21.5)(-10.43,-15.5)(-5.42,-15.5)(-8.89,-21.5) i=104,129 j=59,71 
; Generation of the "STAGE1" Weak Ore Region 
gen (-8.89,-21.5)(-5.42,-15.5)(-3.43,-15.5)(-6.9,-21.5) i=130,140 j=59,71 
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; Generation of the "STAGE2" Competent Ore Region 
gen (-10.43,-15.5)(-6.96,-9.5)(-1.96,-9.5)(-5.42,-15.5) i=104,129 j=72,84 
;Generation of the "STAGE2" Weak Ore Region 
gen (-5.42,-15.5)(-1.96,-9.5)(0.04,-9.5)(-3.43,-15.5) i=130,140 j=72,84 
; Generation of the "STAGE3" Competent Ore Region 
gen (-6.96,-9.5)(-3.5,-3.5)(1.51,-3.5)(-1.96,-9.5) i=104,129 j=85,97 
; Generation of the "STAGE3" Weak Ore Region 
gen (-1.96,-9.5)(1.51,-3.5)(3.5,-3.5)(0.04,-9.5) i=130,140 j=85,97 
; Generation of the Main stope, competent ore Region 
gen (-3.5,-3.5)(0.83,4)(4.68,2)(1.51,-3.5) i=104,129 j=98,128 
; Generation of the Main stope, weak ore Region 
gen (1.51,-3.5)(4.68,2)(5.81,0.5)(3.5,-3.5) i=130,140 j=98,128 
; Generation of the Unexcavated competent ore 
gen (0.83,4)(27.39,50)(32.42,50)(4.68,2) i=104,129 j=129,223 
; Generation of the Unexcavated weak ore 
gen (4.68,2)(32.42,50)(34.39,50)(5.81,0.5) i=130,140 j=129,223 
; Generation of the lower part of the Talcy Schist layer, Footwall 
gen (-23.35,-50)(-6.9,-21.5)(-5.9,-21.5)(-22.35,-50) i=141,146 j=1,58 
gen (-6.9,-21.5)(-3.43,-15.5)(-2.43,-15.5)(-5.9,-21.5) i=141,146 j=59,71 
gen (-3.43,-15.5)(0.04,-9.5)(1.04,-9.5)(-2.43,-15.5) i=141,146 j=72,84 
gen (0.04,-9.5)(3.5,-3.5)(4.5,-3.5)(1.04,-9.5) i=141,146 j=85,97 
; Generation of the middle part of the Talcy Schist layer, Footwall 
gen (3.5,-3.5)(5.81,0.5)(6.81,0.5)(4.5,-3.5) i=141,146 j=98,128 
; Generation of the upper part of the Talcy Schist layer, Footwall 
gen (5.81,0.5)(34.39,50)(35.39,50)(6.81,0.5) i=141,146 j=129,223 
; Generation of the lower part of the Country rock in the Footwall side 
gen (-22.35,-50)(-5.9,-21.5)(50,-21.5)(50,-50) i=147,247 j=1,58 
gen (-5.9,-21.5)(-2.43,-15.5)(50,-15.5)(50,-21.5) i=147,247 j=59,71 
gen (-2.43,-15.5)(1.04,-9.5)(50,-9.5)(50,-15.5) i=147,247 j=72,84 
gen (1.04,-9.5)(4.5,-3.5)(50,-3.5)(50,-9.5) i=147,247 j=85,97 
; Generation of the middle part of the Country rock in the Footwall side 
gen (4.5,-3.5)(6.81,0.5)(50,0.5)(50,-3.5) i=147,247 j=98,128 
; Generation of the upper part of the Country rock in the Footwall side 
gen (6.81,0.5)(35.39,50)(50,50)(50,0.5) i=147,247 j=129,223 
; Attachments in the Country rock, hangingwall side 
Attach Aside from (1,58) to (101,58) Bside from (1,59) to (101,59) 
Attach Aside from (1,71) to (101,71) Bside from (1,72) to (101,72) 
Attach Aside from (1,84) to (101,84) Bside from (1,85) to (101,85) 
Attach Aside from (1,97) to (101,97) Bside from (1,98) to (101,98) 
Attach Aside from (1,128) to (101,128) Bside from (1,129) to (101,129) 
; Attachments in the Chlorite Quartzite, hangingwall 
Attach Aside from (102,58) to (103,58) Bside from (102,59) to (103,59) 
Attach Aside from (102,71) to (103,71) Bside from (102,72) to (103,72) 
Attach Aside from (102,84) to (103,84) Bside from (102,85) to (103,85) 
Attach Aside from (102,97) to (103,97) Bside from (102,98) to (103,98) 
Attach Aside from (102,128) to (103,128) Bside from (102,129) to (103,129) 
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; Attachments in the Backfill, Stages and the Ore 
Attach Aside from (104,58) to (129,58) Bside from (104,59) to (129,59) 
Attach Aside from (129,58) to (139,58) Bside from (130,59) to (140,59) 
Attach Aside from (104,71) to (129,71) Bside from (104,72) to (129,72) 
Attach Aside from (130,71) to (140,71) Bside from (130,72) to (140,72) 
Attach Aside from (104,84) to (129,84) Bside from (104,85) to (129,85) 
Attach Aside from (130,84) to (140,84) Bside from (130,85) to (140,85) 
Attach Aside from (104,97) to (129,97) Bside from (104,98) to (129,98) 
Attach Aside from (130,97) to (140,97) Bside from (130,98) to (140,98) 
Attach Aside from (104,128) to (129,128) Bside from (104,129) to (129,129) 
Attach Aside from (130,128) to (140,128) Bside from (130,129) to (140,129) 
;Attachments in the Talcy Schist Layer, footwall 
Attach Aside from (141,58) to (146,58) Bside from (141,59) to (146,59) 
Attach Aside from (141,71) to (146,71) Bside from (141,72) to (146,72) 
Attach Aside from (141,84) to (146,84) Bside from (141,85) to (146,85) 
Attach Aside from (141,97) to (146,97) Bside from (141,98) to (146,98) 
Attach Aside from (141,128) to (146,128) Bside from (141,129) to (146,129) 
;Attachments in the Country rock, Footwall side 
Attach Aside from (147,58) to (247,58) Bside from (147,59) to (247,59) 
Attach Aside from (147,71) to (247,71) Bside from (147,72) to (247,72) 
Attach Aside from (147,84) to (247,84) Bside from (147,85) to (247,85) 
Attach Aside from (147,97) to (247,97) Bside from (147,98) to (247,98) 
Attach Aside from (147,128) to (247,128) Bside from (147,129) to (247,129) 
;Attachments between the material layers (Country rock and hangingwall) 
Attach Aside from (101,1) to (101,58) Bside from (102,1) to (102,58) 
Attach Aside from (101,59) to (101,71) Bside from (102,59) to (102,71) 
Attach Aside from (101,72) to (101,84) Bside from (102,72) to (102,84) 
Attach Aside from (101,85) to (101,97) Bside from (102,85) to (102,97) 
Attach Aside from (101,98) to (101,128) Bside from (102,98) to (102,128) 
Attach Aside from (101,129) to (101,223) Bside from (102,129) to (102,223) 
;Attachments between the material layers (hangingwall and ore) 
Attach Aside from (103,1) to (103,58) Bside from (104,1) to (104,58) 
Attach Aside from (103,59) to (103,71) Bside from (104,59) to (104,71) 
Attach Aside from (103,72) to (103,84) Bside from (104,72) to (104,84) 
Attach Aside from (103,85) to (103,97) Bside from (104,85) to (104,97) 
Attach Aside from (103,98) to (103,128) Bside from (104,98) to (104,128) 
Attach Aside from (103,129) to (103,223) Bside from (104,129) to (104,223) 
;Attachments between the material layers (Competent and the weak ore) 
Attach Aside from (129,59) to (129,71) Bside from (130,59) to (130,71) 
Attach Aside from (129,72) to (129,84) Bside from (130,72) to (130,84) 
Attach Aside from (129,85) to (129,97) Bside from (130,85) to (130,97) 
Attach Aside from (129,98) to (129,128) Bside from (130,98) to (130,128) 
Attach Aside from (129,129) to (129,223) Bside from (130,129) to (130,223) 
;Attachments between the material layers (ore and the footwall) 
Attach Aside from (139,1) to (139,58) Bside from (141,1) to (141,58) 
Attach Aside from (140,59) to (140,71) Bside from (141,59) to (141,71) 
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Attach Aside from (140,72) to (140,84) Bside from (141,72) to (141,84) 
Attach Aside from (140,85) to (140,97) Bside from (141,85) to (141,97) 
Attach Aside from (140,98) to (140,128) Bside from (141,98) to (141,128) 
Attach Aside from (140,129) to (140,223) Bside from (141,129) to (141,223) 
;Attachments between the material layers (Country rock and footwall) 
Interface 1  Aside from (146,1) to (146,58) Bside from (147,1) to (147,58) 
Interface 2 Aside from (146,59) to (146,71) Bside from (147,59) to (147,71) 
Interface 3 Aside from (146,72) to (146,84) Bside from (147,72) to (147,84) 
Interface 4 Aside from (146,85) to (146,97) Bside from (147,85) to (147,97) 
Interface 5 Aside from (146,98) to (146,128) Bside from (147,98) to (147,128) 
Interface 6 Aside from (146,129) to (146,223) Bside from (147,129) to (147,223) 
;Boundary Conditions 
fix x i=1 
fix x i=247 
fix y j=1 
fix y j=223 
; Assigning the Material properties 
group 'User:Cordiorite Quartzite (Country Rock)' region (50,20)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (50,60)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (50,80)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (50,90)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (50,100)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (50,130)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (150,20)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (150,60)  
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model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (150,80)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (150,90)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (150,100)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Cordiorite Quartzite (Country Rock)' region (150,130)  
model elastic group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 group 'User:Cordiorite 
Quartzite (Country Rock)' 
group 'User:Chlorite Quartzite (Hangingwall)' region (102,50)  
model elastic group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 group 'User:Chlorite Quartzite 
(Hangingwall)' 
group 'User:Chlorite Quartzite (Hangingwall)' region (102,60)  
model elastic group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 group 'User:Chlorite Quartzite 
(Hangingwall)' 
group 'User:Chlorite Quartzite (Hangingwall)' region (102,80)  
model elastic group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 group 'User:Chlorite Quartzite 
(Hangingwall)' 
group 'User:Chlorite Quartzite (Hangingwall)' region (102,90)  
model elastic group 'User:Chlorite Quartzite (Hangingwall)' 
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 group 'User:Chlorite Quartzite 
(Hangingwall)' 
group 'User:Chlorite Quartzite (Hangingwall)' region (102,100)  
model elastic group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 group 'User:Chlorite Quartzite 
(Hangingwall)' 
group 'User:Chlorite Quartzite (Hangingwall)' region (102,130)  
model elastic group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 group 'User:Chlorite Quartzite 
(Hangingwall)' 
group 'User:Competent Ore' region (110,60)  
model elastic group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 group 'User:Competent Ore' 
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group 'User:Competent Ore' region (110,80)  
model elastic group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 group 'User:Competent Ore' 
group 'User:Competent Ore' region (110,90)  
model elastic group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 group 'User:Competent Ore' 
group 'User:Competent Ore' region (110,100)  
model elastic group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 group 'User:Competent Ore' 
group 'User:Competent Ore' region (110,130)  
model elastic group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 group 'User:Competent Ore' 
group 'User:Backfill Materials (#3)' region (110,50)  
model elastic group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 group 'User:Backfill Materials (#3)' 
group 'User:Weak Ore' region (135,60)  
model elastic group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 group 'User:Weak Ore' 
group 'User:Weak Ore' region (135,80)  
model elastic group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 group 'User:Weak Ore' 
group 'User:Weak Ore' region (135,90)  
model elastic group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 group 'User:Weak Ore' 
group 'User:Weak Ore' region (135,100)  
model elastic group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 group 'User:Weak Ore' 
group 'User:Weak Ore' region (135,130)  
model elastic group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 group 'User:Weak Ore' 
group 'User:Talcy Schist (Footwall)' region (145,50)  
model elastic group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 group 'User:Talcy Schist 
(Footwall)' 
group 'User:Talcy Schist (Footwall)' region (145,60)  
model elastic group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 group 'User:Talcy Schist 
(Footwall)' 
group 'User:Talcy Schist (Footwall)' region (145,80)  
model elastic group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 group 'User:Talcy Schist 
(Footwall)' 
group 'User:Talcy Schist (Footwall)' region (145,90)  
model elastic group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 group 'User:Talcy Schist 
(Footwall)' 
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group 'User:Talcy Schist (Footwall)' region (145,100)  
model elastic group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 group 'User:Talcy Schist 
(Footwall)' 
group 'User:Talcy Schist (Footwall)' region (145,130)  
model elastic group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 group 'User:Talcy Schist 
(Footwall)' 
; Assigning the Interface Properties  
interface 1 kn=24e7  ks=9.6e7 
interface 2 kn=24e7  ks=9.6e7 
interface 3 kn=24e7  ks=9.6e7 
interface 4 kn=24e7  ks=9.6e7 
interface 5 kn=24e7  ks=9.6e7 
interface 6 kn=24e7  ks=9.6e7 
hist nstep 100 
hist 1 xdisp i=140 j=128 
hist 2 xdisp i=140 j=113 
hist 3 xdisp i=140 j=98 
hist 4 xdisp i=104 j=128 
hist 5 xdisp i=104 j=113 
hist 6 xdisp i=104 j=98 
hist 7 ydisp i=140 j=128 
hist 8 ydisp i=140 j=113 
hist 9 ydisp i=140 j=98 
hist 10 ydisp i=104 j=128 
hist 11 ydisp i=104 j=113 
hist 12 ydisp i=104 j=98 
hist 13 ydisp i=120 j=128 
hist 14 ydisp i=120 j=98 
hist 15 xdisp i=146 j=128 
hist 16 xdisp i=146 j=113 
hist 17 xdisp i=146 j=98 
hist 18 ydisp i=146 j=128 
hist 19 ydisp i=146 j=113 
hist 20 ydisp i=146 j=98 
;initial stresses assigning 
initial sxx -39.9e6 
initial syy -24.8e6 
initial szz -55.2e6 
;Initial Elastic Equilibrium 
solve 
;Excavation of the first stope 
call zonk.fis 
set i1=104 i2=128 j1=59 j2=70 
set n_big_steps = 10 n_small_steps=100 
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zonk 
relax 
call zonk.fis 
set i1=130 i2=139 j1=59 j2=70 
set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
;Elastic Equilibrium after first excavation 
solve 
;changing the material and interface Properties to Mohr-Coulomb Properties with 
cohesion friction dilation and tension 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=6710000.0 
friction=49.54 dilation=0.0 tension=420000.0 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=5110000.0 
friction=44.23 dilation=0.0 tension=200000.0 notnull group 'User:Chlorite Quartzite 
(Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=3270000.0 
friction=34.74 dilation=0.0 tension=50000.0 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 notnull group 'User:Backfill Materials (#3)' 
model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=2520000.0 
friction=29.37 dilation=0.0 tension=30000.0 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=550000.0 
friction=9.48 dilation=0.0 tension=0.0 notnull group 'User:Talcy Schist (Footwall)' 
;changing the interface properties to mohr properties (with friction angle of 5 degree and 
cohesion of zero) 
interface 1  kn=24e7  ks=9.6e7 fric 5 coh 0 
interface 2  kn=24e7  ks=9.6e7 fric 5 coh 0 
interface 3  kn=24e7  ks=9.6e7 fric 5 coh 0 
interface 4  kn=24e7  ks=9.6e7 fric 5 coh 0 
interface 5  kn=24e7  ks=9.6e7 fric 5 coh 0 
interface 6  kn=24e7  ks=9.6e7 fric 5 coh 0 
;Plastic Equilibrium after first exacavation 
solve 
;Changing the properties to Mohr Coulomb with high values of cohesion and tension to 
represent elastic behaviour 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
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prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=1E50 
friction=49.54 dilation=0.0 tension=1E50 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=1E50 friction=44.23 
dilation=0.0 tension=1E50 notnull group 'User:Chlorite Quartzite (Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=1E50 friction=34.74 
dilation=0.0 tension=1E50 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=1E50 friction=40 dilation=0 
tension=1E50 notnull group 'User:Backfill Materials (#3)' 
model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=1E50 friction=29.37 
dilation=0.0 tension=1E50 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=1E50 friction=9.48 
dilation=0.0 tension=1E50 notnull group 'User:Talcy Schist (Footwall)' 
;excavation of the second stope  
call zonk.fis 
set i1=104 i2=128 j1=72 j2=83 
set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
call zonk.fis 
set i1=130 i2=139 j1=72 j2=83 
set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
;Elastic Equilibrium after second exacavtion 
solve 
;Backfilling of the first stope and changing the material Properties to Mohr-Coulomb 
with real values 
model mohr i=104,128 j=59,70 
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 i=104,128 j=59,70 
model mohr i=130,139 j=59,70 
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 i=130,139 j=59,70 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=6710000.0 
friction=49.54 dilation=0.0 tension=420000.0 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
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prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=5110000.0 
friction=44.23 dilation=0.0 tension=200000.0 notnull group 'User:Chlorite Quartzite 
(Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=3270000.0 
friction=34.74 dilation=0.0 tension=50000.0 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 notnull group 'User:Backfill Materials (#3)' 
model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=2520000.0 
friction=29.37 dilation=0.0 tension=30000.0 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=550000.0 
friction=9.48 dilation=0.0 tension=0.0 notnull group 'User:Talcy Schist (Footwall)' 
;Plastic Equilibrium after second excavation 
solve 
;Changing the properties to Mohr Coulomb with high values of cohesion and tension to 
represent elastic behaviour 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=1E50 
friction=49.54 dilation=0.0 tension=1E50 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=1E50 friction=44.23 
dilation=0.0 tension=1E50 notnull group 'User:Chlorite Quartzite (Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=1E50 friction=34.74 
dilation=0.0 tension=1E50 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=1E50 friction=40 dilation=0 
tension=1E50 notnull group 'User:Backfill Materials (#3)' 
model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=1E50 friction=29.37 
dilation=0.0 tension=1E50 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=1E50 friction=9.48 
dilation=0.0 tension=1E50 notnull group 'User:Talcy Schist (Footwall)' 
; excavaiton of the third stope  
call zonk.fis 
set i1=104 i2=128 j1=85 j2=96 
set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
call zonk.fis 
set i1=130 i2=139 j1=85 j2=96 
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set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
;Elastic Equilibrium after third excavation 
solve 
;Backfilling of the second stope and changing the material Properties to Mohr-Coulomb 
with real values 
model mohr i=104,128 j=72,83 
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 i=104,128 j=72,83 
model mohr i=130,139 j=72,83 
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 i=130,139 j=72,83 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=6710000.0 
friction=49.54 dilation=0.0 tension=420000.0 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=5110000.0 
friction=44.23 dilation=0.0 tension=200000.0 notnull group 'User:Chlorite Quartzite 
(Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=3270000.0 
friction=34.74 dilation=0.0 tension=50000.0 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 notnull group 'User:Backfill Materials (#3)' 
model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=2520000.0 
friction=29.37 dilation=0.0 tension=30000.0 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=550000.0 
friction=9.48 dilation=0.0 tension=0.0 notnull group 'User:Talcy Schist (Footwall)' 
;Plastic Equilibrium after third exacavtion 
solve 
;Changing the properties to Mohr Coulomb with high values of cohesion and tension to 
represent elastic behaviour 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=1E50 
friction=49.54 dilation=0.0 tension=1E50 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=1E50 friction=44.23 
dilation=0.0 tension=1E50 notnull group 'User:Chlorite Quartzite (Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
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prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=1E50 friction=34.74 
dilation=0.0 tension=1E50 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=1E50 friction=40 dilation=0 
tension=1E50 notnull group 'User:Backfill Materials (#3)' 
model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=1E50 friction=29.37 
dilation=0.0 tension=1E50 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=1E50 friction=9.48 
dilation=0.0 tension=1E50 notnull group 'User:Talcy Schist (Footwall)' 
; excavaiton of the main stope  
call zonk.fis 
set i1=104 i2=128 j1=98 j2=127 
set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
call zonk.fis 
set i1=130 i2=139 j1=98 j2=127 
set n_big_steps = 10 n_small_steps=100 
zonk 
relax 
;Elastic equilibrium after the main excavation 
solve 
;Backfilling of the third stope and changing the material Properties to Mohr-Coulomb 
with real values 
model mohr i=104,128 j=85,96 
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 i=104,128 j=85,96 
model mohr i=130,139 j=85,96 
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 i=130,139 j=85,96 
model mohr notnull group 'User:Cordiorite Quartzite (Country Rock)'  
prop density=2700.0 bulk=2.58854E10 shear=1.55312E10 cohesion=6710000.0 
friction=49.54 dilation=0.0 tension=420000.0 notnull group 'User:Cordiorite Quartzite 
(Country Rock)' 
model mohr notnull group 'User:Chlorite Quartzite (Hangingwall)'  
prop density=2700.0 bulk=1.35767E10 shear=8.146E9 cohesion=5110000.0 
friction=44.23 dilation=0.0 tension=200000.0 notnull group 'User:Chlorite Quartzite 
(Hangingwall)' 
model mohr notnull group 'User:Competent Ore'  
prop density=2700.0 bulk=4.09221E9 shear=2.45532E9 cohesion=3270000.0 
friction=34.74 dilation=0.0 tension=50000.0 notnull group 'User:Competent Ore' 
model mohr notnull group 'User:Backfill Materials (#3)'  
prop density=2080.0 bulk=0.89E8 shear=0.41E8 cohesion=170000 friction=40 
dilation=0 tension=0.0 notnull group 'User:Backfill Materials (#3)' 
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model mohr notnull group 'User:Weak Ore'  
prop density=2700.0 bulk=2.65705E9 shear=1.59423E9 cohesion=2520000.0 
friction=29.37 dilation=0.0 tension=30000.0 notnull group 'User:Weak Ore' 
model mohr notnull group 'User:Talcy Schist (Footwall)'  
prop density=2700.0 bulk=4.46193E8 shear=2.67716E8 cohesion=550000.0 
friction=9.48 dilation=0.0 tension=0.0 notnull group 'User:Talcy Schist (Footwall)' 
;Plastic Equilibrium after the main exacavtion 
solve 
set hisfile Thesis-Backfill#3.his 
his write 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Thesis-Backfill#3.his 
plot hist 1 
plot hist 2 
plot hist 3 
plot hist 4 
plot hist 5 
plot hist 6 
plot hist 7 
plot hist 8 
plot hist 9 
plot hist 10 
plot hist 11 
plot hist 12 
plot hist 13 
plot hist 14 
plot hist 15 
plot hist 16 
plot hist 17 
plot hist 18 
plot hist 19 
plot hist 20 
 
 
 


