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Abstract 
 

The scope of this study covers the comparison of mine development using conventional drill 

and blast method, which is the continuation of a long tradition in mining, and mechanical 

excavation, which is performed by a continuous mining development machine. The aim of the 

study was to analyze both excavation methods and compare them with each other using 

discrete event simulation. This allowed creation of initial scenarios, which then can be further 

analyzed and extended to a more robust version. Before the construction of the model 

regarding development of the mine and simulation runs a literature review was conducted. 

The software AutoMod was chosen for creation of the model, which is trying to depict the 

most important factors that influence the real system operation specified in the study. 

Moreover, additional add-ons such as AutoView allowed furthering analysis of the results 

obtained from the base case scenario. In this study, the advancement rate was the primary 

focus. The modular mining machine parameters are conceptual as the machine is still yet to be 

subjected for further development and in-situ testing. The drill and blast data was taken from 

one of Boliden’s mines as to represent the real system case scenario.  Major findings were 

that, when only taking into consideration the advancement rates, the Modular Mining 

Machine was much faster than drill and blast method for 3 km long tunnel. Moreover, the 

advancement rate for two 2.5 km long tunnels was almost the same when excluding the time 

of moving the machines between both tunnels. 
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I. Introduction 
 

Continuous development as well as an increasing need for efficiency and optimization of the 

mines generates the need for further studies of current and new mine development systems. 

The mine development system should meet the expectations of the client, follow appropriate 

standards, follow the safety requirements, close within the boundary of cost limits as well as 

improve over the years. Moreover, the selection of the specific excavation methods should be 

aimed to reduce the time required to extract the rock from the face and minimize or at least 

optimize the cost to the sufficient level. In order to achieve these goals software called 

AutoMod was used to simulate and compare two methods for mine development. AutoMod 

was used as it has very high customization and visualization allow-ability that is easily 

accessible. High customization here stands for overall possibility for data to be transformed 

into required structure by the modeler, possibility of combining more than one environment 

from the system (for example: conveyor and path mover system combination), possibility of 

adjusting the results that would be created, possibility of choosing which results will be 

provided by the model at the end of the simulation and from where to directly take them by 

implementation of appropriate coding in the syntax, vast modification availability from the 

possibility of using the appropriate logic (coding) and available add-ons. The software is 

based on discrete event simulation and uses process interaction world view for picturing the 

real system behavior (AutoSimulations 1996).  

 

The preliminary stage of the study consisted of a literature review on drilling and blasting, 

continuous excavation systems, simulation in mining and simulation software. The data 

acquisition was an ongoing process using data from one of Boliden’s active mines in Sweden 

to describe the drill and blast operation, and conceptual data to describe the continuous 

mechanical excavation – operation with the Modular Mining Machine (MMM). The 

conceptual model of the mechanical excavation was based on input from Atlas Copco (AC), 

which established prediction of future behavior for the given geo-mechanics and the given 

layout. 

The following scheme was used for the simulation study: 

i. Create model base case scenario for both modular mining machine and drill 

and blast 



ii. Follow the model verification and validation cycle  

iii. Create variation of alternatives and sufficient number of runs 

iv. Compare alternatives between each other 

v. Detect the faults/flaws and asses the quality of the data estimated 

vi. Improve the models during and after the process of modeling 

vii. Finally, compare the advancement rates between both methods 

 

The layout of the simulated developed tunnels can be seen in Figure 1 and Figure 2. The 

dimensions of 6 x 6 meters (width and height) for 3 km long tunnel and two 2.5 km long 

tunnels were used, blasting cycle times given and all tunnels are considered to be horizontal 

with no inclination.  

 

Figure 1 Tunnel used for 3 km long development 

 

Figure 2  Tunnels used for development of two 2.5 km distances 

The thesis is mainly divided into six parts. Brief introduction presents the reader with the 

problem and provides a clearer picture of the geological conditions used in this simulation 

modelling. Chapter 1 familiarizes the reader with the mining development systems 

particularly focusing on mechanical excavation and drill and blasting method. In Chapter 2 

simulation theory, which will give the assistance on the way throughout the whole process, is 

outlined. Different types of simulation, the selection of software as well as statistics and 



randomness are main topics. Chapter 3 presents a description of procedures used to 

implement the data, the initial conditions and stages that were used for the model. Moreover 

the verification and validation process is presented. Chapter 4 shows the results obtained 

when running the simulation models. Chapter 5 presents the discussion, conclusions and 

suggestions on further studies. Appendixes were created at the end of the work to provide an 

extension or guide through more detailed parts of the work presented.  

 

1.1 Aim and objectives 
The aim of the study is to evaluate two development systems for deep underground mining by 

using Discrete Event Simulation (DES). The main objectives of this evaluation are to: 

 

i. Analyze the development rates for drilling and blasting and mechanical excavation 

using discrete event simulation 

ii. Compare the cycle times versus advancement rates for both methods 

iii. Generate initial scenarios for the further analysis 

 

The aim is to answer the following questions: 

 

i. How the compared methods are different form each other? 

ii. What is the difference in advancement rate for development of one or two 

simultaneous tunnels? 

iii. Is it feasible to use mechanical excavation instead of drilling and blast? 

1.2 Limitations of the study 
This work does not include the following:  

i. No cost is taken into consideration  

ii. Maintenance of the mechanical excavator is excluded due to lack of data. This 

does not concern changing of the cutter discs as they are implemented  

iii. Data for drill and blast is only given by 80-percentile statistics 

iv. The modular mining machine data is conceptual  

v. Any influence from infrastructure (water systems, electricity supply, etc.) is not 

included 

vi. Environmental factors  



vii. Transportation system from the face to the dumping bays are not taken into 

consideration 

viii. Transportation times or the equipment between the two 2.5 km long tunnels as 

there was no distance and time of covering this distance given.    

 

1.3 Geology 
For analyzing the advancement rate, information on geological parameters like the rock type, 

degree of fracturing, abrasiveness, hardness of the rock and porosity of the intact rock are 

required. For example if the rock is too soft the grippers may not be able to clutch 

appropriately to the sides of the wall and will sink into the tunnel. The grippers are the parts 

of the Tunnel Boring Machine (TBM) that acts as the stabilizers on the machine, making sure 

that the machine will not move, during the stroke (thrust), in a different direction than 

anticipated.    

The types of rock can be divided into three categories: igneous, sedimentary and 

metamorphic. The rock itself is made of minerals, which can be either of organic or inorganic 

substance. Igneous rock types are further divided by composition into acidic, intermediate, 

basic (mafic) and ultrabasic (ultramafic) rock types. This depends on the amount of silica 

within the rock. Igneous rock type comes from the solidifying magma and are classified by 

texture depending on the depth in the earth, as while they are closer to the surface they cool 

faster and therefore create plutonic (intrusive), hypabyssal or volcanic (extrusive) texture. 

Sedimentary comes from chemical, organic and mechanical reactions acting on the rock 

(especially atmospheric and hydrospheric interaction) transforming them into much different 

rock types. Metamorphic rock types are where the recrystallization of the rock takes a place 

on either igneous or sedimentary rocks. The main factors allowing metamorphose are heat, 

pressure or chemically active fluids (Heinö 1999). 

The degree of fracturing depends on the rock mass discontinuities. The important factors for 

discontinuities are the orientation, frequency, spacing, surface properties, openness, infilling 

material and genesis bedding (foliation, joint, schistosity and banding, faults and shears) 

(Heinö 1999).  

Depending on the rock stress the penetration rate will vary (Amund 2000).  The stresses can 

be divided into: in-situ and secondary stresses, where the stresses (also called virgin stresses) 



are the ones that already exist and the secondary stresses are the stresses after the excavation 

have taken place. 

The geology in the Boliden mine used as case for this study is described in Table 1, where the 

main rock types, Cerchar Abrasivity Index (CAI), Uniaxial Compressive Strength (UCS), 

rock density and the quartz content are presented. 

Table 1 Geo-mechanic descriptions for the mine used in the study 

Rock Types Range of UCS in MPa 
Serictic and cordieritic 100-250  
Chloritic quartzite 80-150  
Chloritic schist 25-60  

 

Overall average UCS 173±26  MPa 
Cerchar Abrasivity Index (CAI) 3,3 
Quartz content Up to 38% SiO2 
Rock density 2,8-3,0 t/m³ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



II. Literature Review 
 

Before the physical development takes place mine design and planning is done where the 

decision upon the feasibility (construction schedule) with regards to cost estimation of the 

study is made.  This is normally done by construction of a schedule and rating and ranking 

alternative project methods (Darling 2011). The excavation of the rock/soil is done by 

conventional drill and blast method or by mechanical excavators. Tunnels are developed for 

creating an entry to the resources/reserves of ore hidden below the ground level, for 

developing infrastructure, for building storage rooms and for surveying purposes.  

 

2.1 Mine development by drilling and blasting 
The drill and blast is the conventional method with very long tradition, commonly used for 

extracting the ore from the hard rock in large volumes and for development purposes but it is 

also very popular and still widely used in industries such as construction or mining industry. 

The end product can be used as the second product to build roads or as a backfill. 

 

Figure 3 Drilling and blasting cycle (Heinö 1999) 

The activity cycle in Figure 3 represent the basic cycles in which the underground activities 

are illustrated. The first process starts with delivering the plans from the mine planning center 



to the drilling boomer and then setting up the machine for collaring one hole and drilling. 

After that, if needed another rod (for holes longer than 6 meters) is added, the retracting of the 

drill takes place. The next is to reposition, collar another hole and drill. The cycle is repeated 

until all sequences are done (Persson and Schmidt 1976). There are different ways of drilling: 

i. Hammer drilling (also called percussive drilling) 

a. Top hammer drilling (impact is transmitted through a drill rod to the bit 

where first is the impact and then rotation follows and used for drilling 

small holes) - (Darling 2011, Carcedo et.al. 1995 and Navalkar 1994), 

requires less pressure 

b. Down-the-Hole (DTH) also known as In-the-Hole (ITH) drilling (impact is 

transmitted straight to the bit and used for drilling larger holes) – (Darling 

2011, Carcedo et.al. 1995 and Navalkar 1994), requires high pressure 

ii. Rotary drilling (method used for very hard rock drilling where bits (drag or 

Tricone for example) are normally made of tungsten carbide buttons. Drag bits are 

used for soft rock whereas Tricone bits are used for medium to hard rock (Darling 

2011, Carcedo et.al. 1995 and Navalkar 1994) 

Depending on the method the penetration rate will vary. Normal procedure of obtaining the 

records (measurements of the time at which the drill penetrates the rock) is via field testing, 

the laboratory tests with determined Drill Rate Indexes (DRIs) or the source of data that 

consists of these estimates. One of the available drillability indices for the Scandinavia region 

is the NTNU Drillability catalogue of drillability indices (Amund 2000), found on the NFF 

web site.    

“Penetration rate is a function of the impact energy imparted to the bit, frequency of impacts, 

feed pressure, rotational speed, drill bit type, and rock mass properties.” (Darling 2011: 437). 

The time accounts only for drilling (Darling 2011). The penetration rate can be calculated 

according to equation (1) below: 

𝑃 = (214 − 98𝑙𝑜𝑔10(0.145 𝑆𝑐))𝑊𝑅/(250 𝐷)          (1) 

Where: 

P –penetration rate (m/hr) 

Sc –rock compressive strength (MPa) 



W – pulldown wieght of drill (t) 

R – drill rotary speed (rpm)  

D – hole dimater (mm) 

The drilling equipment is generally either pneumatic (compressed air) or hydraulic 

(compressed fluid). Percussive drilling (mainly DTH) is a pneumatic system as it helps to 

eliminate the impact of energy in joints (Carcedo et.al. 1995). The power used is either by 

diesel or electric where for the diesel the problem is harmful gases and dust particles as those 

when exceeding a certain limit affect the health (e.g.: cancer) (Carcedo et.al. 1995) and 

visibility, and for electric the main problem is the cable that needs to be attached to the 

machine at almost all times (for dangerous zones batteries can be used). 

 

Figure 4 Example of advance in drilling development by AC (Zare 2007) 

Important parameters that are influencing the drilling time are: DRI, geology and machine 

properties, but there are also additional factors such as cost (not included in the study), service 

factors (not included in the study), hole quality (where the accuracy is important and will 

depend on: drill blast pattern, the length of the holes and drilling method), feed force/thrust 

(deviation – skidding of the surface), moving and setting-up-time which will provide for 

effectiveness of drilling, stoppage during drilling and rod handling (Hamrin 1993).  



The deviation of holes may cause bad fragmentation (rock into crusher problem), lower speed 

of the drill wear deterioration, influence the amount of mass broken (good fragmentation 

would be easier to handle for example), increase explosive consumption and 

decrease/increase the overall amount of money spend on blasting activity (Hamrin 1993).  

Drilling boomers used for underground mining applications are either purposed for face 

drilling or production drilling. A single unit is mounted with one or multiple numbers of the 

booms. The number of booms mainly depends on the opening dimension, rock mass 

properties and time for drilling. Figure 5 shows typical drill boomers manufactured by Atlas 

Copco (AC) used in underground mining. 

 

Figure 5 Typical AC rocket boomers (AC Rocket Boomer 2013) 

In Figure 5 the drilling system is the so-called Rock Control System (RCS) or the so-called 

Drill Control System (DCS). These systems are meant to control the drilling performance by 

performing automatic alignment for the each round and surveying for the previous excavated 

profile (Atlas Copco brochures 2013.). The RCS is newer then DCS. 



The second phase in the cycle is when the charging and blasting takes place. For charging 

there are two commonly used explosives: Ammonium Nitrate Fuel Oil (ANFO) and different 

types of emulsion. ANFO explosives have poor water resistivity. It consists of 94 percent 

porous prilled ammonium nitrate (NH4NO3), (AN) that acts as the oxidizing agent and 

absorbent for the fuel – six percent number 2 fuel oil (FO). ANFO has found wide use in coal 

mining, quarrying, metal mining, and civil construction in undemanding applications where 

the advantages of ANFO's low cost and ease of use matter more than the benefits offered by 

conventional industrial explosives, such as water resistance, oxygen balance, high detonation 

velocity, and performance in small diameters (Carcedo et.al. 1995). 

Emulsion explosives are water resistant, pumpable and result in lower toxic gas emissions, as 

the balance between the COx and NOx are better. Oxygen Balance (OB, or OB %) is an 

expression that is used to indicate the degree to which an explosive can be oxidized. If an 

explosive molecule contains just enough oxygen to form carbon dioxide from carbon, water 

from hydrogen molecules, all of its sulfur dioxide from sulfur, and all metal oxides from 

metals with no excess, the molecule is said to have a zero oxygen balance. The molecule is 

said to have a positive oxygen balance if it contains more oxygen than is needed and a 

negative oxygen balance if it contains less oxygen than is needed, the combustion will then be 

incomplete, and large amount of toxic gases like carbon monoxide will be present. The 

sensitivity, strength, and brisance of an explosive are all somewhat dependent upon oxygen 

balance and tend to approach their maximum as oxygen balance approaches zero. Oxygen 

balance is important to minimize the amount of toxic fumes (Carcedo et.al. 1995): 

• When OB > 0 there is an excessive amount of oxygen, a toxic NO and a NO2 is produced 

• When OB < 0 the explosive is oxygen deficient and toxic CO is produced 

There are also water gels and slurries used in mining industry depending on the purpose of 

blasting. 

The negative effects of the explosives are (Carcedo et.al. 1995):  

i. ground vibrations 

ii. air shock 

iii. fly-rock 

iv. noxious gases 



“Explosives are more efficient for rock excavation than mechanical excavation due to lower 

energy consumption, but the non-continuous cyclic operation in the drill and blast method 

decreases the competitiveness of the method in small cross sections. “ (Zare 2007: 13) 

Next, ventilation takes places in order to get rid of the toxic fumes and dust particles. The 

particles that are suspended in the air are called Suspended Particulate Matter (SPM) and must 

be kept under the Threshold Limit Values set by the Swedish regulations (Amund 2000).  

Next is preliminary scaling and loading and hauling where Load-Haul-Dump (LHD) 

machines, wheel loaders or trucks are used for mucking out the whole broken material. After 

that scaling takes place where all the loose rock is scaled and collected from the tunnel. For 

support rock bolts can be used and surveying executed. The surveying here serves as 

acquiring the information on the position of the excavated face.  

When problem with weak rock zones, rock bursts, fractured rock mass, water inflow or gas 

inflow occur, mechanized and automated equipment for support can be used. A drilling jumbo 

for rock bolting and shotcrete machines are normally used for these types of conditions. For 

rock support and ground control in higher risk zones: mesh, steel jack legs or nets can also be 

used (Maidl et.al. 2008). 

The following figure (Figure 6) presents some of the typical equipment used for the 

underground hard rock excavation cycles. 



 

Figure 6 Top left: AC jumbo drill rig; second top left: Sandvik Axera two boom drill rig; 

second from the bottom left: HOWO concrete truck; bottom left: AC40 Elphinstone dumping 

trucks; top right: JCB 456ZX wheel loader and bottom right: JAMA SBU 8000 scaler. (Atlas 

Copco, Sandvik, Sinotruk, JAMA and Elphinstone brochures 2013)  

 

2.2 Mechanical excavation 
Mechanical excavation is alternative method to the conventional drilling and blasting method. 

The mechanical excavators can extract large amount of ore/rock by continuous cutting. The 

activity cycle for a mechanical excavator can be described as follows: First gripping where 

the machine stabilizes itself from the impact due to the boring activity. Next processes depend 

on the type of the mechanical excavators being used. The boring commences where extracted 

rock is mucked via for example mucking apron. The apron is the part of the equipment, which 

purpose is to collect the rock from the front of the machine and then to be transferred by for 



example a conveyor belt installed in the machine. The process may include the re-tract 

activity or not. Re-tract must be done for some of the excavators after every stroke/thrust of 

the machine by moving back the machine (here the changing of the cutter discs and inspection 

may be performed). The activities are repeated in the cycle until the required amount of rock 

mass is extracted (Persson and Schmidt 1976 and Maidl et.al. 2008).  

2.2.1 Different types of equipment for mechanical excavation 
Mechanical excavators can be divided into part face and full face rock underground 

equipment.  Part face equipment are for instance roadheaders and continuous miners and full 

face excavators are hard rock tunneling boring machines that can be further divided into three 

groups: Tunnel Boring Machine (TBM) - full face shielded and shield machines (that are not 

falling into TBM group but are also shielded), Raise Boring Machine (RBM) and third 

continuously developing group which is the mixture of both, the so-called Mobile Tunnel 

Miner (MTM), Modular Mining Machine (MMM) or Mobile Miner (MM) (Maidl et.al.2008).    

Figure 10 shows examples of 

the equipment used in 

mechanical excavation. 

Depending on the geology 

and geo-mechanics of the 

ground different types 

machines are chosen. An 

influencing parameter is 

UCS. For low UCS values 

but quite competent ground 

the Roadheaders are still the 

leaders in the extraction of 

the rock. The mobile miner is 

good for hard rock 

conditions and is being used 

for narrow veins. It combines 

the rock cutting technique (to 

some extent) from TBM and 

the flexibility from the 

roadheader. Most of the 
Figure 7 Examples of mechanical excavators (Sandvik,   

Atlas Copco MRE Presentation 2012 and Chadwick 2010) 



typical TBM’s are very good for any type of soil but very expensive and not as flexible as the 

other systems. Moreover there is only one shape available (circular) excluding the special 

TBMs such as Mobile Tunnel Miner (Aker Wirth), which is special type of the TBM that can 

create more shapes then just a circular ones. MMM is the equipment considered in this work 

and it is later described in Figure 11 (Maidl et.al. 2008). 

2.2.2 Modular mining machine 

Modular Mining Machine (MMM) is a special type of Tunneling Boring Machine (TBM). 

The MMM comes from the Mobile Excavators family (e.g.: Mobile Miner MM or Disc Boom 

Miner) and it is a hybrid between the TBM and the Roadheader. The machine can be 

equipped with shields or modified modules can be added (smaller cutter head for example). 

The base system groups are: Boring system, thrust and clamping system (front and rear 

clamping system), muck removal system (muck collected from front with help of the apron 

and transported via conveyor system to the rear of the machine) and support system (Delabbio 

and Hartwig 2010, Chadwick 2010).  

 

Figure 8 Modular Mining Machine (Atlas Copco MRE Presentation 2012) 

The machine dimensions can vary as can be seen in the Figure 12 from 5.25-6.1 m in height 

to 5.3-6.3 m by width and with 4.5 m cutter head diameters with maximum lifting of 1.5 m 

(Chadwick 2010). Also, the machine is made of modules that can be dismantled (for purposes 

of moving the machine – even via pipe) or added very easily (for cutting the increase the 

sideways movement – up to ±30, cutting lower profiles smaller than 4.5 m). The machines 

have front and end grippers that help to stabilize the machine during each stroke. The machine 

is designed for the hard rock (specifically from 40 to 150 MPa) excavation. The machine can 



be used for the inclination angles up to around ±15º as it is restricted by the movement of the 

cutter head.  

 

Figure 9 Summary data (Chadwick 2010: 57) 

 

“The drive system is based on VSD technique and the speed can be altered from 0-15 rpm in 

both directions.” (Delabbio and Hartwig 2010: 33) VSD is the abbreviation of Variable Speed 

Drive which is a piece of equipment regulating the actions of the motor in order to minimize 

the cost and to some extent optimize the usage of the energy. 

“The advance for each part cut is a stroke of 1.75 m. One complete advance of the drift will 

require six to eight cuts, after which the whole machine with trailing back-up system will 

move forward for the next set” (Chadwick 2010: 57). 

As the MMM is closely related to TBM and Roadheader the following methods can be used 

as an initial guidance for estimating the MMM’s performance (Donghai 2010): 

i. Prediction models and probabilistic modes 

ii. Colorado School of Mines (CSM) – based on the cutting forces acting on the disc 

cutters. Important parameters for measuring the performance of the specified 

development are: UCS, tensile strength, dimensions of the tip, cutter spacing and 

properties of the TBM. Testing of the performance is done by Linear Cutting Machine 

(LCM). The procedure is that the rock sample is cast in the special apparatus and 



cutter bit position is set perpendicularly to the rock sample. Then forces are added to 

push the cutter within the rock to the specified depth. The LCM-test uses full size 

cutters and the results from the tests can be applied directly to field performance 

prediction (Ozdemir and Nilsens 1993). For more see (Rostami 2008) or (Ozdemir and 

Rostami 1993). 

iii. Norges Teknisk-Naturvitenskapelige Universitet (NTNU) model – the NTNU model 

incorporates the net advance rate, gross advance rate and cutter wear terms for 

estimation the total advancement rate of the TBM (circular shape). The net advance 

rate is dependent on the rock parameters and machine factors and is defined as meter 

tunnel bored per hour (Amund 2000).  

iv. Quality Tunnel Boring Machine (QTBM) model – prognosis model. Using many input 

parameters the simulation program calculates the overall performance. Example on the 

program: CYCLON – cyclic network simulation model of TBM. For more please see 

(Donghai 2010) 

v. Neuro-fuzzy model – combination of Fuzzy Logic (FL) and artificial neural networks 

(ANN) methods. For more see (Bruines et.al. 2000) 

vi. Estimating technique for underground mining roadheader which can be found in 

(Gertsch et.al. 1994) 

2.2.3 Characteristics affecting the advancement rate 

The main characteristics affecting the advancement rate for mechanical excavation are: 

machine properties, tunnel and machine geometry and rock mass properties. For geometry 

dimensions of the excavated tunnels are required. For rock mass properties the following is 

essential (Amund 2000, Cigla et.al. after 2000 and Heinö 1999): 

• Degree of fracturing (systematic: joint sets and fissures or foliation planes or bedding 

planes also called partings.  Single joints: in form of dyke or discontinuity) 

• Rock drillability (evaluated by Drilling Rate Index – DRI, Bit Wear Index – BWI and 

Cutter Life Index - CLI) 

• Abrasiveness and porosity of the rock 

 For machine parameters:  

• Cutter size 

• Cutterhead Revolution Per Minute (RPM) 

• Number of discs 



• Cutterhead power 

• Machine design limitations (flexibility and automation) 

The equipment is deteriorating with time and both preventive and corrective maintenance has 

to be done. In this thesis the maintenance activities are not considered (see section 1.2 

Limitations of the study). An exception was changing of the disc cutters activity, which was 

included in the cycle times for the Modular Mining Machine (MMM). This activity is very 

important because wearing of the cutters decreases development rate.  

Cutter wear is determined mainly by rock abrasiveness and rock mass fractures measured by 

CLI, mineral content and parameters (Amund 2000). 

 

Figure 10 CLI for various rock types (Johannessen 1990:16 and Lislerud 1988: 11) 

The CLI expresses the life of the cutter in boring hours for given cutter rings and can be 

estimated from Figure 7 (if the type of the rock being excavated is known) or by following 

formula (Johannessen 1990:16): 

CLI = 13.84(SJ/AVS) 0.3847           (2) 

Where: 

SJ – sievers J-value (test that measures the rock surface hardness for more please see 

(Johannessen 1990:11)) 

AVS – abrasion value steel (test that measure time dependent abrasion on tungsten carbide 

from crushed rock powder for more please see (Johannessen 1990:14)) 



The cutter consumption depends on the amount of wearing off the steel from the disc rock the 

powder abrasion, the rock hardness, joints and shear zones of the rock mass, cutterhead 

curvature and penetration rate. The important characteristics when describing the cutter 

consumption are: Drillability rate index (DRI) – to measure brittleness, CAI – to measure 

abrasiveness, Knoop micro-Hardness test (HK) for hardness and the comminution (Heinö 

1999).  

The MMM’s thrust force pushes the cutterhead against the transversal forces generating the 

resistance to the roller cutter discs.  Maximal power, torque and RPM along with the numbers 

of cutters mounted for the specified rock strongly depends on thrust force. The estimation of 

the thrust is done by multiplying the normal forces times the distance of the cutter from the 

center of the cutterhead torque, whereas the torque can be estimated from rolling force times 

the distance of that cutter from the center of the of the cutterhead (Rostami 2008). Two 

general types of cutters used by mechanical excavators are drag pick or rolling disc. An 

example of a common cutter is illustrated in Figure 8. 

                                                                                                                                                        

Figure 11 Single disc cutter used for hard and abrasive rocks (Amund 2007: 69) 

This cutter is composed of a disc mounted, on a hub connected to a central shaft extended on 

either side. The cutter can rotate round its longitudinal axis. (Priscilla et.al. 1983)  The 

material is crushed and grooves, creating chipped rock that is later collected by mucking 

system such as apron.  

Gertsh (2000) defines two parameters for expressing the cuttability of the rock specific 

penetration (SP) and specific energy (SE). SE is the energy required to excavate a unit volume 

of rock as the rate of advance is crucial in calculating the mining or excavation costs. SE 



method can be applied by any mechanical excavator. SP is the amount of indentation for a 

given applied force (Darling 2011). 

The penetration rate (PR) and the machine utilization values are used when estimating an 

advance rate (AR) at which the TBM will progress, where utilization is calculated taking into 

account shift times during the TBM boring process. Other downtimes and time cutter changes 

and maintenance activities are also included. “Penetration rate (PR) is defined as the distance 

excavated divided by the operating time during a continuous excavation phase.” (Donghai 

et.al. 2010: 194) The most affecting factor for PR is continuously changing geological 

conditions.  

One method of analytical calculation of penetration rate may be as used by (Ozdemir and 

Nilsens 1993:10 and Farrokh et.al. 2012): 

                                            I = i x RPM x 60/100 (m/h)          (3) 

                                             i = (M/M1) x b (mm/rev)          (4) 

Where: 

RPM – revolution per minute 

M – thrust per cutter in kN 

M1 –”critical thrust” (the thrust needed to bore 1.0 [mm/rev.] 

b – slope of curve (b is an expression for the chipping frequency as a function of critical thrust 

and cutter diameter).  

 

Figure 12 Cutter head characteristic curve (Ozdemir and Nilsens 1993:11)  



For poor rock conditions such as bad rock or high/low stresses the MMM consists of 

supporting systems such as continuous systematic bolting and can spray two layers of 

shotcrete.  There might be an increased damage of the surrounding rock due to grippers as 

thrust force is exerted by the grippers.  “Gripper hold may disappear in fairly large crushed or 

altered zones. Sandbags, bags with ready-made concrete mix, railway sleepers, etc., may be 

used for packing to get a provisional gripper hold. It is difficult to maintain the tunnel 

alignment in wide zones. Re-boring into good rock is also difficult when the gripper hold is 

poor.” (Amund 2000: 69)  This is due to that there is a continuous re-griping cycle which by 

repeating redistribution of the stress to the surrounding rock cause deformation that can cause 

ruptures and collapses of the fractured rock (Cardu et.al. 2012). Other problems may occur 

with weak rock zones (low strength and stress producing squeezing of the ground), rock 

bursts, fractured rock mass, water inflow (especially for the drill and blast) or gas inflow and 

heat. Also the problem with cohesive muck as it will hinder the mucking by not being carried 

away (for this use sludge pumps, screw conveyor or freezing method) blocking the movement 

and leaving additional waste (Cardu et.al 2012).  

 

2.3 Comparison between D&B and MMM 
In Table 2 important factors for both methods that were used in the simulation process are 

listed. These may provide further guidelines on how to continue the work when comparing the 

two methods.  

Table 2 Comparison between drilling and blasting and MMM equipment (Persson and 

Schmidt 1976 and Hallvard 2008) 

Type\Name of the 
method 

Drilling and blasting Modular Mining Machine 

Tunnel Shape/Excavation 
profile  

- Cutting any cross-
section profile 

- Smoothness vary 
depending mainly on 
human factor and 
method being used 

- Smooth tunnel and 
exact excavation 
profile 

- Limited to +-15% 
inclination 

- Restricted to around 
6.2 m width and 
height of profile 

Changing the face profile - Gradient – flexible 
- Changing of the face 

profile is also not a 
problem 

- Restricted to the 
changing tunnel 
widths 
(enlargements) and 



taking turns (curve 
radii) but still better 
when in comparison 
with the standard 
TBM  

Safety, environment and 
power consumption 

- Impact on vibrations, 
gases and noise 
pollution (especially 
blasting fumes) 

- Due to higher damage 
of the surrounding 
rock more safety 
preventive support 
measures are taken  

- Production of COx 
and NOx  harmful 
gases  

 
 
 

- No impact due to 
gases, vibrations, 
noise or other 
emissions (slight with 
boring – dust control 
should be installed) 

- Problems with 
sinking of the 
grippers into the rock 
may occur if the rock 
is to soft 

- Rock support can be 
significantly reduced 

- No explosives used 
- Requires more 

electric power then 
D&B 

 
Movement of the 

equipment 
- Flexible and well 

developed 
- Based on modules 

(components can be 
added or moved – 
even via pump) the 
machine is bigger and 
more powerful then 
mobile miner  

Personnel - More personnel 
required 

- Less personnel 
required 

- Lack of experience 
for new operating 
staff 

Automation and work 
process 

- Automated, semi-
automated or remote 

- Automated and partly 
continuous work 
process 

Fragmentation - Problems with big 
boulders 

- Rather consistent 
fragmentation 

Delivery Time  - Longer time to 
deliver new 
equipment to the 
mine  

Advancement rates - Varied advancement 
rates depending 
mainly on the 
experience and 
organizational skills 
of the personnel  

- Much higher advance 
rate possible 



Geo-mechanics - Flexible  - Must adapt to various 
types of the rock 

 
Geological surveying  - Already well 

developed  
- Require further 

investigation 
Mounting and 

dismantling (setting up) the 
equipment 

- Does not require a 
lots of time 

- Require much more 
time than for drill and 
blast method 

Cost (exceptional) - Low investment 
- Longer ventilation 

process resulting in 
higher costs 

- Very low ventilation 
cost 

- High investment cost 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



III. Simulation in Mining  
  
 “Simulation is the imitation of the operation of a real-world process or system over time. 

Simulation involves the generation of an artificial history of the system, and the observation 

of that artificial history to draw inferences concerning the operating characteristics of the real 

system that is represented.” (Banks 1999:1) In the 21st century the Visual Interactive 

Simulation (VIS) feature provides easy to understand, develop, communicate and interact 

with model. VIS feature emphasize the animation and pictorial communication in the 

simulation models. Although, higher interactive visualization of the model is possible, the 

cautiousness should be maintained, as to not fall into the trap of trusting only the animations 

and flow charts resulted from these simulations (Bell and O’Keefe 1994). “Animation in no 

way replaces responsible, thorough analysis of simulation results.” (Banks 1990:17) 

Typically simulation can be used as a tool whenever complex flows exists. Complex flows are 

characterized by randomness, several non-deterministic parameters or queues or traffic that is 

not linear and therefore impossible to solve analytically. The term complexity can be divided 

between combinatorial complexity and dynamic complexity.  “Combinatorial complexity is 

related to the number of components in a system or the number of combinations of system 

components that are possible.” (Robinson 2004) “On the other hand, dynamic complexity is 

not necessarily related to size. Dynamic complexity arises from the interaction of components 

in a system over time.” (Sterman 2000) 

The development of new enhanced processors, graphics and upgrades in the recent years 

allowed the simulation software to be continuously improved and used as a tool in mining 

industry.  

At present, simulation in mining industry has already been used for various purposes such as:  

autonomous versus manual trucks efficiency, mine-mill production system, developing of the 

new underground tunnels, optimizing the fleet in the underground/surface mine, simulation on 

haulage systems (including ore handling), scheduling maintenance, comparison of the timing 

and efficiency between two different drills or even already existing operations.  

 

 



There are several simulation studies done in the mining industry in recent years for example: 

• Optimization of Truck Haulage System In an Underground Mine: A Simulation 

Approach Using SimMine (Salama and Greberg 2012) 

• Analysis of a Mine-Mill Production System Using Simulation and Integer   

Programming (Zhou, 2010) 

• Autonomous versus Manual Haulage Trucks (Perreira et.al. 2010) 

• Simulation of an Underground Haulage System. Renström Mine (Fjellström 2011) 

• Simulation of Pillara’s Haulage System (Bradstreet 2010) 

• Underground Ore Handling Systems (Bailey et.al. 2012) 

 

3.1 Software selection  
To choose the simulation tool that is the most appropriate for the user, plenty of 

considerations should be done and the best possible option selected. In simplified or 

deterministic case studies there is no need to use highly advanced programs (Bratley et.al. 

1987).  

The important factors that should be considered when selecting the suitable simulation 

software are described by (Banks 1998) and briefly listed below: 

• Possibilities of entering the data  

• Processing characteristics and capabilities 

• Possibilities of getting the specified Output  

• Environment  

• Vendor  

• Cost (first consider other features then productivity and finally see to price) 

For additional information see (Albrecht 2010), where the author mainly focuses on providing 

the vast amount of the information regarding the appropriate choice of the language, 

depending on the need of the user.  

Finally, Table 3 may provide a future user with the possible capabilities and hindrances, of 

simulation studies. 

  



Table 3 Pros and cons of the simulation (Banks 2000) 

Pros Cons 
Several entities, resources, etc. possible Software is expensive 
Several parameters possible Requires skills from a modeler 
Queue & traffic considerations possible Time consuming 
Animation allowed Results might be difficult to interpret 
Randomness allowed It does not give an exact real life result 
Allows to answer what-if questions  
Allow to check what is going to happen 

in the system before it happens 
 

                                                                                           

3.2 Different types of simulation 
The general characterization of the simulation can be divided into continuous and discrete 

event simulation (DES).  In addition, the DES can be further separated by either conceptual 

framework (later called world views) or orientation (such as object or based oriented). World 

view can be described as: “The representation of a discrete event model and the 

implementation of the event-scheduling mechanism is a function of the world view” (Carson 

1993: 21). They are linked to Discrete Event Simulation (DES), where “Discrete Event 

Simulation is a model in which the state variables change only at those discrete points in time 

at which events occur” (Banks 1999: 1) and are further divided by (Derrick et al. 1989: 1-4): 

• Event scheduling (advances till next event happens and associated with “a state of 

actions that may follow from a state change in the system (Pidd 1984)) 

• Activity scanning also known as two-phase approach (advance/scan and update based 

on objects performing activities under the specified conditions) 

• The Three-Phase-Approach (based on B and C activities where B-activity are the ones 

that are bound to occur or book keeping and C activities are the ones that are 

conditional or cooperative) 

• Process interaction (emulates the flow of an object by process which is “sequence of 

events and interspersed activities through which the object moves” (Derrick et.al. 

1989:3)) 

• Transaction flow (time and state relationship is the same as in process interaction but 

moving and generating of the objects are different. “TF promotes material-oriented 

models in which the transactions are the dominant objects” (Derrick et.al. 1989:4)) 

Subsequently (Nance 1993) and others took the view articulated by (Overstreet 1986) using 

the concept of locality and defined three world views as: 



• Event scheduling: Event scheduling provides locality of time: each event routine 

describes related actions that may all occur in a single instant. 

• Activity scanning: Activity scanning provides locality of state: each activity routine 

describes all actions that must occur because a particular model state is reached. 

• Process interaction: Process interaction provides locality of object: each process 

routine describes the entire action sequence of a particular model object. 

For activity and three phase approaches the time slices must be decided as it may result in 

losing some of the details (too wide intervals for example) (AutoSimulations 1996). For 

additional study please also refer to (Robinson 2004) and (Derrick et.al.1989). 

3.3 Model creation 
The process of creating a model begins whenever there is a need for a representation of a new 

system, improvement of the present or problem with the existing one. A model is a simplified 

replication of the real world system. The process of building the model requires considerable 

amount of time. The preliminary steps consist of: strategy plan and decision if simulation 

model should be used or would other approach be sufficient to the required level of answer 

needed (e.g. experimental design, deterministic analysis, etc.). The decision process should 

involve the support of the company in the way that it does not come only from a modeler 

(Banks 1999).  

Good practice is to prepare for flaws/faults (e.g. lurking variables, anomalies that influence 

the sets of numbers, etc.) as they would occur in the model (e.g. biased random variables). It 

is inevitable, as the system is complex and never simplified to the level degree of details 

wanted at the initial stage. The process of adjusting those is itself an operation for creating a 

base case scenario model that would resemble the specified system for further 

experimentation (Albrecht 2010, Balci 1990 and Banks 2000).  

The approach is to use the step cycles from Figure 13 as a guideline for model creation. 

Figure 13 represents the common example of steps in a simulation study. Each step is very 

important and should be carefully studied and efficiently processed, as failing in one may 

result in failing in the whole process of simulation.  



 

Figure 13 Steps in simulation study (Banks et al. 2010) or (Banks 1999: 22) 

During the data collection and data processing careful consideration of the following should 

be kept in mind: 



• Wrong or bad input data (the most preferable is having an appropriate type and 

amount of raw data to be able to fit the date to the most appropriate distribution) 

• Initial bias (the transient state in which the steady state is not reached (Thesen and 

Travis 1990)) 

• Lurking (confound) variables (the variables that associate the independent variable 

with a dependent variable (Business dictionary 2013).  

• Autocorrelation (correlation ≠ causation; (normally a plot showing the similarities 

between the observations) (Thesen and Travis 1990) 

• Non-representative sample (the sample which is included in the response factor and 

can be responsible for creation of the unwanted  results) (AutoSimulations 1996) 

• Avoid data enhancement (additional feature that blurs the important view should be 

avoided) (Robinson 2004 and Banks 1998) 

• Placing the data in the context (trying to not extrapolate as too much data may cause 

bad effect on the model construction and the results of the model created) (Robinson 

2004 and Banks 1998) 

3.4 Verification and validation  
The verification and validation process should be considered at least after the interval of every 

stage of step cycle described in Figure 13. The most clear and productive output of verifying 

and validating will take place at the stages where the model was run at least once but it is very 

often possible to even start correction and checking before translation of the data. Performing 

periodic/systematic checks may give a heads up in advancing (quickness and picking up the 

mistakes) with the enhancement of the model to the state of maybe not entirely ideal system 

but tackling the important factors included in the system at the appropriate and right level of 

details (Balci 1990).  What should be understood by this phrases are: To check and look for 

the mistakes very often by not only via mathematical methods but also by using a common 

sense in doing and looking at the formulation of the problem, conceptual model, etc.   

The life cycle is shown to give a hint of how this periodical verification or validation may be 

schemed as shown in Figure 14.  



For verification, ensuring that the 

conceptual model is accurately 

transformed into a computer model is 

necessary. Examples of the methods 

used in verification are: Testing the 

logic (avoid repeating and infinite 

loops), building diagnostic into the 

model, making flowchart of the 

model simulated, testing the model 

(checking the animation), running the 

model under varying conditions, 

checking for unexpected output (for 

example unexpected utilization), 

tracking statistics using business 

graphs/tables, tracing a model/entity, 

or using one of the debugging 

techniques (such as: defensive 

debugging, declarative debugging, 

sequential debugging or interactive 

debugging) (AutoSimulations 1996). 

Figure 14 Life Cycle of simulation study (Balci 1990: 26) 

The series of checks are performed in order to ensure the correctness of the model and the 

reflections of the real system. There is computer application called Interactive Run Controller 

(IRC) that helps with debugging the software but additional systematic code reading by the 

programmer is necessary in order to hunt, find and reduce the problem. 

Validation requires the comparison of the model results with the real system ensuring that the 

model is sufficiently accurate. The difficulty of validation depends on the system’s 

complexity. Examples of the methods used in validating are:  Degenerate test (the system 

behavior when the condition gets really badly), extreme condition test (the system behavior in 

the extreme case scenarios), face validity (credibility of the system), comparison to historic 

data (tabulate the data), internal validity (the model reaction to changes in random numbers), 

Turing tests (people knowledgeable in the system are asked to differentiate between model 



and real data. Experts are asked to identify when they think the results will differ and to 

justify their reasoning.), sensitivity analysis (checking the responses). For non-existent system 

check similar system, see animation and seek guidance from specialists that are accustomed to 

you problem, simulation and the industry (Robinson 2004). For additional list of verification 

and validation methods see (Banks 1998:355, Balci 1990:30-31 or Robinson 2004). 

 

3.5 Elements of statistics in simulation process with/without (pseudo) random 
numbers 
The performance can be measured as an average number of loads in a system over a time 

period of length. In most of the simulations randomness is included. If randomness is included 

there is a need for using statistical techniques to analyze the results since if there is random 

input data there will be random output data.  

Some guidelines on the procedure of processing the input data:  

1. “Use knowledge of the source of randomness to determine any definitive limits on the 

value it can produce.  

2. “Fit” as many standard distributions and members of flexible ‘families’ to the data as 

possible, using ranges not completely inconsistent with those determined in step 1. 

3. Use a reasonable set of criteria to rank the goodness of fit of the fitted distributions to 

the data observed. 

4. If any of the top-ranked models are terribly inconsistent with the range in determined 

in step 1, rule them out. 

5. Use a reasonable set of criteria to determine if the best of the fitted distributions is a 

reasonable representation for the data. 

6. If the best of the fitted distributions provides a reasonable representation of the data, 

use it in the simulation. Otherwise, use an empirical distribution to represent the data 

directly.” (Balci 1990: 25-32.) 

 

3.5.1 Random number generation and random variate generation 
The random numbers are the numbers that are randomly occurring in time. The name random 

serve to describe the sequence of the numbers which should be developed whenever (as we 

are not checking the present and past but rather trying to predict the future) simplification of 

the system by assigning one exact number will not give better results (Banks 1998 and 



Schmeiser 1981). The random numbers are uniform, independent, common or pseudorandom.  

A uniform random number have the characteristics such that each unit (e.g. 0-99 where 0, 1, 2 

and so on are the units) has the same probability to occur at any point within the specified 

range. Whereas, the independent are the ones that do not have an effect on any other number’s 

probability being chosen (Banks 1998 and Schmeiser 1981). Non-Common Random Numbers 

(non-CRN) use different random numbers, in every stream where stream is a sequence of 

numbers initiated by the chosen seed and seed is a user specified number for initialization of 

the random number generator (Banks et.al. 2010). CRN use the same sequence of random 

numbers for every stream. Hence it gives a possibility to compare between two systems by 

using the same streams on both, fewer replications obtained with tighter confidence intervals 

and speeds up the software’s processing time of the analysis (Banks 1998 and Schmeiser 

1981).   

The main properties we are looking for while generating random numbers is uniformity 

(unbiased and uniform) and independence (there is no dependency between two generated 

numbers) (Banks et.al. 2010). 

Random numbers can be generated physically (e.g.: lotto or top hat method) or 

computationally (e.g.: algorithms) where computational methods are not truly random. This is 

why the nomenclature is changed to Pseudorandom Numbers (PRNs). The disadvantage of 

the pseudorandom numbers is that they are Independent and Identically Distributed (IID) with 

uniform distribution. They are artificially created random number from/by numerical models 

using deterministic algorithms (means it is possible to find their pattern) (Banks 1998). For 

controlling the variability of the PRNs seed and stream can be used to control the results 

(seed-constant than stream-constant or seed-varies than stream-varies). The general methods 

used for generating pseudorandom numbers are: Linear Congruential Generators (LCGs), 

Multiple-Recursive Generator (MRG), digital methods, or non-linear methods. Although, we 

can obtain the PRNs by various methods we still need to transform/modify them as they are 

IID number uniformly distributed, whereas for the simulation input data the input required is 

non-uniform. For this hindrance following examples of Random Variate Generators (RVG – 

generated from uniform distribution by modification/transformation) can be used such as: 

Inverse transform method, acceptance/reject method, special properties, and convolution or 

composition method (Banks et.al. 2010).   



3.5.2 Introduction to statistical modelling in simulation 
Most of the simulation studies include randomness (manufacturing system, mining 

production, etc.) the output of the simulation is also random. Due to that fact our results need 

to be recalibrated via statistical techniques (Klejinen 1975 and Law 1983).  The classical 

statistical techniques require IID data for the analysis and the output results from the 

simulation are not IID normal data. This requires a statistical test for significance and ranking 

(e.g. point estimation, confidence-interval estimation and interpretation of results). One of the 

main estimators used in the testing for significance is the confidence interval (Kleijnen 1975 

and Law 1983). 

A confidence interval is the measurement parameter that estimates the accurateness of the 

mean average value and is a basic component of output analysis. Confidence interval is 

defined by formula (Robinson 2004:174): 

                                                                      Cl = ±𝑋− 𝑡𝑛−1,𝛼/2
𝑆
√𝑛

           (5)                 

Where: 

𝑋� – mean of the output data from the replications 

S – standard deviation of the output data from the replications 

n – number of replications 

𝑡𝑛−1,𝛼/2 – value from Student’s t-distribution with n-1degree of freedom and α/2 probability 

level 

The equation 5 is also described in (Banks et.al. 2010: 444) where it is assumed that X is 

normally distributed 

There is a connection between the number and range of sample data with the confidence 

interval. More samples included in the interval give narrower range and higher likeness of 

mean average value to be accurate (Banks et.al. 2010).  The size of the interval chosen for the 

specific study would vary depending on sample size, confidence interval desired, level of 

confidence desired, number of replications along with their standard deviation, inherent 

variation and depending on whether simulation is terminating or non-terminating in nature. 

For terminating simulation each of the runs has their natural ending point (where critical event 

occur) (AutoSimulations 1996). For example: Easy cycle activities - (drilling, blasting, 



loading and transporting). We can observe that one activity or group of activities have their 

natural start and end times. For non-terminating simulation there are no natural ending points 

for example: calculation of the throughput in the mill. 

3.5.3 Continuous distributions 
The continuous distribution are used for generating the random numbers and used “for 

sampling data that can take any value across a range.” (Robinson  2004:103). This increases 

the level of detail when comparing with the real world scenario (AutoSimulations 1996). 

Depending on the data different distribution has to be chosen (Balci 1990). 

The classical continuous distribution divides into following categories: 

• Uniform Distribution – where the probability of the occurrence for each event is the 

same and range plays important role. Each value in the range is equally likely. You 

only need to give the range of values for inputs. Few examples: lottery winners (each 

number assigned to only one winner), rolling of one dice many times. Rarely arise in 

nature and they do not arise in the complex systems (e.g.: stock market, football 

games, delaying the loads with the same probability) (Britannica – Academic Edition, 

AutoSimulations 1996 and Banks et.al. 2010) 

• Normal (Gaussian) Distribution – used for independent and randomly generated 

variables where Gaussian Distribution/Bell curve (mean and standard deviation plays 

important role) is created. Can be described simply enough by mean and standard 

deviation. In normal distribution as you change the scale factor, the shape factor does 

not change. There are also empirical rules for normal distributions. 68% of the data 

should fall within 1 standard deviation, 95% of data should fall into 1.96 and 99.7% of 

data should fall into 3 (e.g.: processing times) (Britannica – Academic Edition, 

AutoSimulations 1996 and Banks et.al. 2010) 

• Exponential distribution (negative exponential distribution) – describes the time 

between the events in the Poisson process. It occurs quite often in the real world. Very 

predictable (e.g. modeling inter-arrival times, frequencies or the time until the event 

occurs in a Poisson process also called continuous-time process) (Britannica – 

Academic Edition, AutoSimulations 1996 and Banks et.al. 2010) 

• Weibull Distribution – is a continuous distribution first identified by (Frechet 1926) 

but named after Wallodi Weibull who described it in detail. Similarly like in Gamma 

distribution the Weibull function are useful parameters in calculating the probability of 



the system or component to fail during the process of usage (Probability Density 

Function (PDF), Cumulative Distribution Function (CDF), Hazard Rate, Mean Time 

to Failure (MTTF) or Mean Time between Failures (MTBF)) (Britannica – Academic 

Edition, AutoSimulations 1996 and Banks et.al. 2010) 

 

𝑓(𝑥; 𝜆, 𝑘) = �
𝑘
𝜆

(𝑥
𝜆
)𝑘−1𝑒−(𝑥𝜆)𝑘

0
𝑥 ≥ 0,
𝑥 < 0,           (6) 

Where 

k – failure rate (shape factor); k<1 decreasing failure rate; for k=1 constant failure rate and 

k>1increasing failure rate. 

x – time to failure 

λ – scale parameter 

• Triangular Distribution – is a continuous probability distribution used instead of 

uniform distribution, especially when there is not too much information about the 

input values and the outcome is almost certainly predicted. (Britannica – Academic 

Edition, AutoSimulations 1996 and Banks et.al. 2010) 

𝑓(𝑥𝐼𝑎, 𝑏, 𝑐) =

⎩
⎪
⎨

⎪
⎧

0
2(𝑥−𝑎)

(𝑏−𝑎)(𝑐−𝑎)

𝑓𝑜𝑟 𝑥 < 𝑎,
        𝑓𝑜𝑟 𝑎 ≤ 𝑥 ≤ 𝑐,

2(𝑏−𝑥)
(𝑏−𝑎)(𝑏−𝑐)

      𝑓𝑜𝑟 𝑐 < 𝑥 ≤ 𝑏,

0             𝑓𝑜𝑟 𝑏 < 𝑥,

     (7)           

Where 

a – lower limit          b – upper limit           c – mode        a < b   and a≤ 𝑐 ≤ 𝑏 

 

3.6 The AutoMod simulation software 
The AutoMod software is a manufacturing-oriented simulation package using C general 

simulation language and syntax logic allowing the user to model discrete events and 

continuous simulation. The software is continuously improving and providing additional 

extension/utilities that can be used with AutoMod, such as AutoStat, AutoPlot, AutoView or 

AutoSched. The simulation modeling method used in the software uses a process interaction 

method. Process interaction method emulates the flow of an object within the process. The 



process is a sequence of events and interspersed activities through which the object moves 

characteristics The AutoMod capabilities can be described as follows (AutoSimulations 

1996): 

• AutoCAD graphics (with an extension of .iges, .igs) can be used as the templates of 

the static graphics in the model not as a dynamic model in the modeling interface. The 

application within the software gives ability to import mining simulation from 

FactoryCAD and is highly customized. Simulator or FactoryCAD (.sdx extension) 

files can be used as modeling files when appropriately converted. The individual 

components that can be constantly changed during the process of simulation provide 

an easy use by the analyst. Moreover, they can be modified to a specific application 

• The AutoMod package allows the user to see the effect of work by animating and 

solving what if questions, like also modifying the possible scenarios of development 

process. The inner view help to identify the critical paths, watch closely ongoing 

processes and optimize the fleet size, schedule or the way of developing the entire or 

new sections in the underground mines by for example reducing bottlenecks or 

decreasing/increasing the fleet/belt size 

• The output results display a vast report, which is saved after each simulation run and 

are exported to the exterior files automatically. The modifications depending on the 

user requirement via logic or process system is also plausible plus debugging and 

tracing features makes it possible to perform easier verification and validation 

processes 

• AutoMod have two environments; build and simulation environment (Rohrer 1997). 

The build environment is divided by the process system and modeling system (logic: 

C .c or syntax .m.).  Moreover, within the system there are two types of elements that 

can be found: temporary (e.g.: load) and permanent (e.g. resources) like also two types 

of graphics: static (does not influence the entities, resources or loads) and dynamic 

(does influence entities, resources or loads) 

• Animation of the system is achieved by either one or mix of more of the following 

systems (AutoSimulations 1996 and Rohrer 1997): 

o Conveyor Systems 

o Power and Free Systems 

o Tanks and Pipes Systems 

o Path Mover Systems  



o Automated Storage and Retrieval Systems (AR/RS) 

o Bridge Cranes Systems 

o Static Systems (for visualization purposes or guide for drawing a desired 

movement system) 

• The simulation environment allows running the model, change and controlling some 

of the resources and discrete points before and during the simulation. The statistics are 

generated continuously allowing the user to see them during the length of the run 

(length of the run can be changed in both process and simulation environment) and 

after the simulation run is finished.  The statistical report is printed in the default 

destination or the one specified by user in the logic. Customization of the report is 

possible 

For providing additional statistical results AutoStat allows to: 

• Analyze the output of the simulation run by performing debugging runs, estimating 

confidence interval or performing sensitivity analysis (AutoSimulations 1996) giving 

the possibility of choosing the generation of the random number: Common Random 

Numbers or unique random number to each streams (older version of AutoMod used 

Linear Congrugential Generator - LCG and Tausworthe generation random number). 

If steady-state responses are needed the AutoStat uses replication/deletion method to 

form confidence interval excluding warmup period (AutoSimulations 1996) 

• Perform optimization using an optimization algorithm called an evolution strategies 

algorithm. Evolution strategies are based on the theory of evolution. Initial populations 

(made up of sets of factor values) combine to create the next generation of factor 

values (children). The children of that generation inherit traits from each of their 

parents, and they also have slight differences, called mutations. The fittest children of 

that generation (as defined by your fitness function) live to become the parents the 

next generation, and so on (AutoSimulations 1996 and Banks et.al. 2010). 

• Design of Experiments (DOE) feature supports various levels of resolution (detail). 

The level of resolution determines the trade-off between accuracy and speed (fewer 

runs). The lower the resolution, the less time required, but the less accurate the results, 

too. The estimates of some or all interactions become less reliable as the resolution 

drops. DOE shows the effects of individual factor and combinations of factors (if you 

have a high enough resolution selected) Factorial - ! Means 2! = 1*2 = 2 for example 

(AutoSimulations 1996). 



When an analysis does not use common random numbers, Auto Stat uses Welch’s confidence 

interval to estimate the magnitude of differences between two configurations for a chosen 

response. Welch’s confidence interval is used for both “compare all too all” and “compare all 

to one” results. When an analysis uses common random numbers, Auto Stat uses the paired-t 

method of calculating confidence intervals for both “compare all to all” and “compare all to 

one” results (AutoSimulations 1996). 

The AutoMod software was used in this study as it is highly flexible, customizable, is 

previously used by Boliden Mineral AB. AutoMod has previously been used for instance in 

the following studies: 

• Developing a scheduling and planning tool for heavy industrial operation by Williams 

and Narayanaswamy in 1997 (Albrecht 2010) 

• Evaluating the capacity and life of a mine under varying conditions by Brunner, 

Yazici and Baiden 1999 (Albrecht 2010) 

• Evaluating the impact of changing system details (size and capacity) on the total mine 

life and throughput by Brunner, Yazici and Baiden 1999 (Albrecht 2010) 

• Presenting a system that iterates around a linear programming model interfaced with a 

DES by Kim in 2001 (Albrecht 2010) 

 

For additional information on software selection see (Albrecht 2010), where the author mainly 

focuses on providing a vast amount of the information regarding the appropriate choice of the 

language depending on the need of the user. Albrecht’s (2010) papers refer to additional 

literature that could be read upon better understanding the process, which should undergo 

these specific calibrations. The author dismantle the problem into individual components 

giving the reader the idea on what he might want to look at when choosing the right 

software/language for himself. 

 

 

 



IV. Model Setup and Data Acquisition 
 

Mine layout and data for drilling and blasting were collected from one of Boliden’s 

underground mines and then adjusted to meet the requirements for the simulation process. 

The MMM data was given by Atlas Copco. In this study the data was given in the 80-

percentile format. Therefore, assessing the quality of the data by conducting capability 

analysis was excluded. Capability analysis is normally conducted to see if the process is 

operating within the specified constraints or use individual value or descriptive statistic to 

view and interpret them (Balci 1990). 

There were total of 4 AutoMod models created, 2 for each method (D&B and MMM) 

describing the two case scenarios (3 km long tunnel and two 2.5 km long tunnels). The 

MMM’s AutoMod models were run 100 times in AutoStat for each case scenario as the input 

data was random, whereas the D&B model was run only once as the model is deterministic 

giving total of 202 runs. The D&B model is chosen to be deterministic as the process of the 

D&B is relatively well known and the focus here is more on the mechanical excavation 

method. Moreover, the simulation on the D&B method was made as it was very easy to model 

these two scenarios in AutoMod, as opposite to do an analytical model and calculate the 

development times for the two 2.5 km long tunnels, where more complex mathematical 

operations would be required, due to the fact that most of the time the machine’s work is in 

parallel with another machine. 

For varying the results statistical t-testing or Analysis of Variance (ANOVA) is used in which 

two hypotheses are tested. The null hypothesis (based on the previous research and common 

knowledge) or alternative hypothesis (based on what is believed to be true, with use of p-

value – probability value). Meaning that if we choose that our significance level, α-level is 95 

for example and the p-value would be smaller or equal than 95 the null hypothesis would be 

rejected and alternative hypothesis should be taken into consideration. However, if p-value is 

higher the null hypothesis should not be rejected and the alternative cannot be claimed. The 

ANOVA is the test for whether the differences among the different data centers are 

statistically significant by testing the equality of the two or more means categorized by a 

single factor (Kanji 1999). 



4.1 The drill and blast cycle 
In this study the machine drill 85 holes per blast round of around 30 m2 cross section. The 

total time required for each activity (drilling, charging, ventilation, etc.) is described in Table 

4. The length of the drill holes are 5 m. The dimensions of the tunnels are 6 x 6 meter (width 

and height).   

The critical path for the drill and blast cycle includes the following processes (Persson and 

Schmidt 1976): 

1. Drilling consists of moving the drilling machine, setting up and collaring takes a place. 

Next stage is pullback and uncoupling of the drill rod plus changing of the drill bits. 

2. When charging takes place special safety must be taken into consideration. Closing the 

blast doors as well as the cartridge delivery from the magazine to blast hole. When 

blasting takes place all mine must be cleared from people. The transportation of the 

emulsion must be either by Site Mixed Emulsion (SME) trucks or Site Sensitized 

Emulsion (SSE) trucks. The equipment used, that speed up the cleaning of the air process, 

may be fresh ventilation ducts that also provides fresh air into the tunnel system which in 

our case takes 45 minutes. Once the blast fumes have been ventilated away the ore is 

removed from the drifts by electrically driven underground loaders (mucking process). 

3. The scaling machine operator decides if there is a need for temporary support before 

scaling if not scaling is done on walls and then later on face. After scaling shotcreting and 

geological mapping is normally done concurrently. The bolting activity is held until at 

least 4 hours pass as the shotcrete must hardens first. If there are dangerous zones the 

support must be installed before the inspection. The rock support differs depending on the 

condition of the rock and surroundings. Sometimes additional support may be used as 

mesh for example. 

4. Geological mapping of the ore quality and ore structure is performed manually. Laser 

scanning is used where a person cannot be sent into the ore passes for example.  

5. The final stage is the loading of the left fallouts from the scaling and may be inspection. 

 

 

 

 



Table 4 Cycle times 

80-percentile Hours Minutes  
Drilling 6,61 396,6 
Charging 2,66 159,6 
Dust Suppression 0,75 45 
Mucking 3,23 193,8 
Scaling 2,28 136,8 
Face scaling 1,11 66,6 
Shotcrete 1,21 72,6 
Bolting 8,6 516 
Loading fallouts 0,58 34,8 
 27,03 1621,8 

 

In Figure 15 the percentage of the average amount of 80-percentile time that is used during 

one whole round is presented. Rock bolting consumes great amount of time due to bad rock 

conditions in the mine.  

 

Figure 15 Activity Cycles 

 

4.2 Conceptual MMM advancement cycle  
Estimated advancement rate for the MMM is estimated to vary between 10-16 m/d depending 

on the conditions. The normal distribution is chosen to represent the advancement rate with a 

mean of 14 and standard deviations of 2 m/day. “The advance for each part cut is a stroke of 

1.75 m. One complete advance of the drift will require six to eight cuts, after which the whole 
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machine with trailing back-up system will move forward for the next set” (Chadwick 2010: 

57). 

The cycle time (boring, re-tract, gripping process and changing of the cutter discs losses) 

would be included. The boring and re-tract process are set in the model logic as to be counted 

as per advance. Meaning that the time for boring and re-tract is the sum of the boring times of 

these 6-8 cuts. The changing of the cutters will take place around every 4 hours and will last 

for approximately 15 minutes. Both are considered to be exponential as this type of 

distribution is used to model completely random events having a high variability and it is 

common for modeling time until failure for a resource. 

AutoStat extension software for further analysis of the randomness was used. A total of 200 

runs were created with different stream of random numbers, for 3 km and two 2.5 km long 

tunnels, 100 runs each. The results were then compiled in an Excel file from which the graphs 

and tables were developed. The 336 working days are considered in all cases when calculating 

the years. Meaning for example that if the results are 365 days, the 336 days are counted as a 

first year and 29 days counted towards second year. This is due to fixed shift cycle in the 

current study. 

4.3 Shift schedule  
The same shift was used in both MMM and D&B (only the number of workers and machines 

is higher for drilling and blasting) and it can be seen in Table 5. 

Table 5 Shift availability 

Shift schedule Excavation 
Time  

Real 
Excavation 
Time 

Units 

Hours per shift 8 5,6  h/shift 
Number of shift per day 2,3 2,3  shift/day 
Number of days per week 30,5 30,5 day/week 
Working time per year 6182,4 4327,68   h/year 
Number of weeks per year 48 48 week/year 
  

  
  

24 hour cycle 18,4 12,88 hours 
 

The detailed shift cycle used in this study is presented in Appendix IV. The MMM’s effective 

time of 12.88 hours was used as there is no in–situ study done, therefore data for effective 

work times is yet to be created.   



4.4 AutoMod verification and validation process  
The first step in model creation was to adjust the model to the real system by creating a base 

case scenario. Afterwards, the simulation of more runs took place. Important factors were: the 

variance parameter and the question how good we want our results to be? As these are the 

random input data the statistical approach was used. That means that the answer would always 

have some percentage of incorrectness in our superstitions or predictability but still should 

give some zoom in loop of what is more probable in the used system to the sufficient level 

required. The classical statistical analyses assume that the output results are independent and 

IID following the normal distribution whereas they are normally not. This is for example due 

to two entities interacting and disrupting each other during the simulation creating the 

dependence between each other. For this statistical tests and significance of ranking analysis 

may be used (e.g.: point estimation, confidence interval estimation or interpretation of the 

results) (Banks et.al. 2010). 

The nature of the simulation might be either terminating or non-terminating. The simulation 

study presented in this thesis was assumed to be terminating as it ends when the 3 km long 

tunnel is developed.  A second characteristic found in the simulation is whether the output is 

steady-state or not, meaning that, if for example vehicles arrival rate does not change during 

the simulation run, the progress is steady. If the data change and is terminating, it produces 

transient output and should be viewed by time-series as to reveal initial transient phase and 

steady state phases within. In this case the model data does not change and it is terminating 

meaning no time-series but number and length of the replications must be specified, then 

assigning different pseudo-random numbers to different design point or systems must be 

specified (AutoSimulations 1996). Therefore the initialization bias was excluded by 

assumption that the initial phase is consistent throughout the simulation. For a steady-state 

non-terminating condition the warm-up period should be used until it reaches the realistic 

condition and collection of the points taken afterwards (AutoSimulations 1996). It is good to 

remember that it is always better to produce more runs than necessary than too few as to be 

sure that the cumulative mean line has flattened and the confidence interval remains as narrow 

as possible. For reducing the number of replications variance reduction can be used (such as 

CRN – the stream random numbers are assigned in the same manner for each run and 

antithetic variates – inverse of random numbers, meaning it creates symmetrical simulation 

but for the purposes of this study there are no variance reduction used) (AutoSimulations 

1996). 



The built-in interaction run controller was used for tracking the mistakes in logic like also 

systematical reading of the code and hunting towards reducing and localizing the 

bugs/problems was performed. The verification by looking at the model animation was also 

one of the processes, which helped in finding out the problems with the constructed model. 

Technical validity of the model was discussed with the help of expertise and specialists 

working with the equipment and also with the mining engineers. The internal validity was an 

additional check towards the accuracy and final results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V. Simulation Results  
 

The following outcomes were the results of the simulation runs created by AutoMod. Figure 

16 represents the results of 100 runs (each using different random number) for the MMM 

scenario. From this it can be observed, that the total amount of time, when developing a 3 km 

long tunnel, varies between 42 to 72 weeks, with a mean of around 57 weeks. When 

considering the number of working weeks from Table 5 it requires 1.19 of the year to finish. 

We must remember that these results are an effect of simulation which only shows a possible 

scenario not the real case scenario but if no other factors would affect the system in the real 

life the development time shown in Figure 16 would range from 294 to 504 days. 

 

Figure 16 Total development output for 3 km long tunnel  

In Figure 17 the development times for the MMM is also presented but this time with the 

scenario of two 2.5 km long tunnels developed by one single MMM. The range falls between 

70 to 142 weeks with a mean of around 96 weeks. This translates to 672 days. When 

considering working weeks from Table 5 the data it takes 2 years to finish drifting two 

tunnels.  

 

Figure 17 Total development output for two 2.5 km long tunnels  

The confidence level for both Figure 16 and Figure 17 was calculated based on probability 

level equal to: α/2 = (100-95%)/2 = 0.025 and degree of freedom: n -1 = 100 -1 = 99  



   𝑡𝑛−1,𝛼/2(Right tail) = 1.645          (8) 

For 3 km long tunnel the results displayed in Figure 16 was used in calculation of the mean, 𝑋� 

= 57, number of replications, n = 100 and standard deviation, S = 15 giving the following 

confidence interval result: 

Cl = ±𝑋− 𝑡𝑛−1,𝛼/2
𝑆
√𝑛

  = 57 ± 2.4675         (9)                 

For two 2.5 km long tunnel the results displayed in Figure 17 was used in calculation of the 

mean, 𝑋� =106, number of replications, n = 100 and standard deviation, S = 36 giving the 

following confidence interval result: 

C2 = ±𝑋− 𝑡𝑛−1,𝛼/2
𝑆
√𝑛

  = 106 ± 5.922         (10)                 

This means that there is 95% chance that the output results will fall within: 

3 km tunnel:  57 ± 24675 (weeks)      and for two 2.5 km tunnels:  106 ± 5.922 (weeks) 

The MMM model is random but the model simulating the drilling and blasting scenario is 

deterministic, meaning, there is no randomness included. In Figure 18 the 3 km long tunnel 

resulted with almost 776 days of work, to finish. The two 2.5 km long tunnels resulted in 

almost 647 days of work. 

 

Figure 18 Total development output for 3 km and two 2.5 km long tunnels when drill and 

blasting cycles were used 

Finally if the effective working time of MMM would change from 12.88 hours to 24 hours the 

time to develop the tunnel would almost halve giving the approximate range between 152.6 

and 261.6 days for 3 km long tunnel and approximate range between 254.3 and 335.8 for two 

2.5 km long tunnel. The effective time of 24 hours is ideal and probably not feasible as there 

are always disturbances expected.  

3 km Days Hours Minutes
Run 1 775 18 0

2 x 2.5 km Days Hours Minutes
Run 1 646 19 36



VI. Discussion, Conclusions and Further 
Recommendations  

 

The simulation serves as a guide not as an optimization tool. For optimization, different 

numerical or analytical method should be used (AutoStat extension is one of the examples but 

only to some extent). Full control of the simulation was not possible due to non-ideal input 

data. A higher influence on data collection would create a better environment for this as well 

as for further studies.  

6.1 Discussion 
In Table 6 juxtaposing of MMM and D&B gave the estimations combined from Figure 16 and 

Figure 17. The discussion on the results is presented in the following chapter where they are 

further described.  

Table 6 Comparison table for MMM vs D&B 

 Minimum (days) Average (days) Maximum (days) 
MMM  3 km 294 399 504 
DB       3 km 776 776 776 
MMM  2x2.5 km 490 672 994 
DB       2x2.5 km 647 647 647 

 

The small difference between MMM and D&B in the second option of two 2.5 km tunnels (25 

days in Table 6) does not prevail upon the better alternative but rather testifies upon equality 

of use and guides for further analyses. The MMM’s time needed for excavating the 3 km long 

tunnel as compare to two 2.5 km long tunnels almost doubled as expected, whereas the time 

for D&B is even less when comparing two 2.5 km long tunnels with 3 km long tunnel. This 

anomaly is probably caused by the time of moving D&B equipment back and forth in the 

tunnels as it is not included in all of the simulated scenarios. Meaning that, when the drilling 

process finishes in the first tunnel, automatic jumps occur to the second tunnel, as if the 

job/work would be placed next to it. This is different for MMM as the movement from first to 

second tunnel is only needed once.  This effect will not have a high impact on such a long 

development tunnel meaning, that the results would not greatly change for MMM.  

Moreover the confidence interval calculated for the 3 km long tunnel is peculiar as most of 

the results fall out of the calculated range. This is because the confidence interval does not 



necessarily predict that the true value of the parameter will have a given probability and that 

the mean, 𝑋� value should be normally distributed (Banks et.al. 2010). Meaning that additional 

estimation should be used for calculating credibility of the interval (also known as Bayesian 

methods) or searching for the correct length samples and number of the simulation runs. For 

example if we choose the number of samples in range from run 1 to run 13 the confidence 

interval would equal to: 57 ± 6.844, which closer reflects obtained results. For two 2.5 km 

long tunnels the confidence interval is somehow representing true value as it can be realized 

from Figure 18.  

If the selection of the MMM is being considered by a mining industry additional factors 

should be studied as described in section 6.3 Future Studies/Recommendation but also further 

advice from the specialists (such as mining engineers, machine engineers, economists, etc.), 

risk assessment and any other factor that seem to be suitable for questioning. 

6.2 Conclusions 
During and after the study following conclusions were pointed it out:  

- If the choice is based only on the advancement rate factor only, the MMM should be 

chosen for the development process as the best option for both scenarios. 

- The model provides a picture of how the system can behave in the future but does not 

very often represent what will exactly happen 

- The model would be much more realistic if the drilling and blasting method would 

include more detailed input information and could be modeled stochastically  

- Additional factors should be included as to get better picture of the possible future 

system behavior 

 

6.2.1 Answer to the research questions 
The study resulted in the following answer to the previously stated research questions:  

i. How the compared methods are different form each other? 

The differences between both methods are that MMM is still not as flexible as D&B method 

and is restricted on the excavation on the shape of the tunnels. Moreover the MMM require 

less people involved in the operation, can achieve higher advancement rates (as can be seen in 

this study) and provides finer fragmentation then D&B. For a more detailed answer to this 

question see Table 2 on pages 27-29. 



ii. What is the difference in advancement rate for development of one or two simultaneous 

tunnels? 

Significantly high difference would be achieved if the MMMs effective time is kept close to 

the 24 hour per day. If including the same shift cycles for MMM operation as for D&B (12.88 

hours set as an effective time per day) there is a small difference between the two 2.5 km long 

excavated tunnels and still high difference between 3 km excavated long tunnel. 

iii. Is it feasible to use mechanical excavation instead of drilling and blast? 

Finally the use of MMM instead of D&B method for this particular study is feasible 

especially if the MMM’s effective work can be kept close to 24 hours per day. Feasible in this 

sense is that, it is possible to develop the tunnel faster or at the similar speed as the currently 

used D&B method in this particular study. 

 

6.3 Future Studies/Recommendation  
The study generates plenty of further possibilities among several some are presented 

underneath: 

- Study performance based on different rock conditions 

- Study on influence of different haulage systems 

- Study on influence of the size and shape of the drifts/tunnel 

- What if more development phases, fleet size, etc. at once? 

- Calculating the cost, maintenance and any additional parameters that strongly 

influence the both system from the advancement to cost rate. 

- Available alternative transportation systems should be simulated in order to increase 

the understanding of what if questions. 

- Following the MMM’s in-situ study 
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Appendix I                                                                                                                                                             
List of Acronyms 

 

 

ACE – Auto-Simulation Creation Editor 

AGV – Automated Guided Vehicle 

AS/RS – Automated Storage and Retrieval Systems 

AVS – Abrasion Value Steel  

BWI – Bit Wear Index  

CAD – Computer Aided Design 

CAI – Cerchar Abrasivity Index 

CAS – Credibility Assessment Stage 

CDF – Cumulative Distribution Function 

CLI – Cutter Life Index  

CM – Conceptual Model 

CRNs – Common Random Numbers 

D&B – Drilling and Blasting 

DES – Discrete Event Simulation 

DOE – Design of Experiments 

DRI – Drilling Rate Index  

GLM – General Linear Modeling 

GPSS – General Purpose System Simulator 

GSP – General Simulation Program 

I/O – Input/Output 

IGES – Initial Graphics Exchange Specification 

IID – Independent and Identically Distributed 



IRC – Interactive Run Controller 

LCGs –Linear Congruential Generators 

LHD – Load Haul Dump 

MCB – Multiple Comparisons with the Best 

MCPs – Multiple Comparison Procedures 

MLCG - Multiplicative Linear Congruential Generator (when c=0) 

MMM – Modular Mining Machine 

MRG – Multiple Recursive Generators 

MTBF – Mean Time between Failures 

MTTR – Mean Time to Repair 

OOD – Object Oriented Design 

PDF – Probability Density Function 

PRGs – Pseudo Random Generators 

R&S – Ranking and Selection 

RGs – Random Generators 

RIRO – Random Input Random Output 

SPL –Simulation Programming Language 

TF – Transaction Flow 

TTF – Time to Failure 

TTR – Time to Repair 

VB – Visual Basic 

VBC – Visual Basic Application 

VHN – Vickers Hardness Number 

VIS – Visual Interactive Simulation 

VR – Virtual Reality  

VRML – Virtual Reality Modeling Language 

WoW – Window on the World 



Appendix II                                                                                                                                   
History of DES 

 

Figure 19 Genealogical trees for simulation programming languages (Nance, 11 June 1993) 



Appendix III 

Output data from the reports collected 
when running the simulation 

 

Table 7 Output results for 3 km long tunnel with different varying random numbers 

 Note that each column represents the total and it is not the fraction of the other column. 

For 3 
km 

Days Hours Minutes Seconds Milliseconds 

Run 1 303 10 50 57 0 
Run 2 394 8 30 52 95 
Run 3 400 14 24 35 20 
Run 4 356 9 31 44 43 
Run 5 299 6 43 26 2 
Run 6 500 0 0 0 0 
Run 7 366 9 6 10 42 
Run 8 469 14 55 37 15 
Run 9 347 9 12 9 46 
Run 10 376 14 6 50 42 
Run 11 413 1 30 36 93 
Run 12 485 8 25 16 74 
Run 13 500 0 0 0 0 
Run 14 379 18 35 9 0 
Run 15 491 2 50 14 39 
Run 16 437 16 58 37 17 
Run 17 363 7 14 16 70 
Run 18 460 2 10 9 27 
Run 19 417 9 11 35 63 
Run 20 500 0 0 0 0 
Run 21 347 6 57 49 46 
Run 22 491 17 45 19 89 
Run 23 391 9 42 47 82 
Run 24 430 7 11 50 80 
Run 25 317 1 23 17 64 
Run 26 319 15 54 25 33 
Run 27 402 7 42 12 62 
Run 28 377 15 6 44 65 
Run 29 376 6 5 26 67 
Run 30 479 3 59 33 22 
Run 31 452 18 33 15 45 



Run 32 434 9 11 45 18 
Run 33 458 8 35 58 63 
Run 34 430 0 55 17 18 
Run 35 418 14 13 10 92 
Run 36 386 6 17 25 65 
Run 37 400 15 52 59 77 
Run 38 376 17 35 7 49 
Run 39 362 17 26 23 99 
Run 40 360 2 43 46 78 
Run 41 500 0 0 0 0 
Run 42 349 6 23 13 59 
Run 43 319 1 19 27 37 
Run 44 487 7 20 1 97 
Run 45 405 1 26 18 55 
Run 46 433 11 34 49 85 
Run 47 465 18 32 53 60 
Run 48 378 14 52 21 28 
Run 49 425 7 13 15 23 
Run 50 378 14 52 21 28 
Run 51 335 18 13 34 98 
Run 52 359 1 48 12 72 
Run 53 500 0 0 0 0 
Run 54 457 9 59 36 92 
Run 55 449 10 11 34 69 
Run 56 356 7 30 3 12 
Run 57 379 1 11 30 65 
Run 58 382 9 50 11 17 
Run 59 401 18 39 46 38 
Run 60 483 2 43 8 64 
Run 61 454 17 42 52 85 
Run 62 347 2 3 9 45 
Run 63 344 17 37 48 42 
Run 64 334 15 51 7 5 
Run 65 455 18 25 2 81 
Run 66 447 1 11 33 34 
Run 67 405 7 37 37 33 
Run 68 387 6 32 4 96 
Run 69 359 17 8 15 42 
Run 70 434 9 37 43 27 
Run 71 464 6 34 9 62 
Run 72 338 0 34 42 94 
Run 73 424 17 24 0 15 
Run 74 447 6 0 20 78 
Run 75 467 14 1 8 96 
Run 76 372 3 27 41 13 
Run 77 331 14 26 47 33 
Run 78 437 3 27 34 21 
Run 79 442 0 34 48 27 



Run 80 334 0 56 15 42 
Run 81 298 11 49 1 22 
Run 82 455 9 54 21 40 
Run 83 309 3 3 44 26 
Run 84 452 15 42 31 42 
Run 85 415 11 55 43 19 
Run 86 354 14 58 29 54 
Run 87 417 8 30 11 17 
Run 88 359 2 57 34 21 
Run 89 378 8 39 3 62 
Run 90 326 14 7 57 43 
Run 91 353 10 16 55 32 
Run 92 464 11 30 51 87 
Run 93 430 17 39 59 67 
Run 94 390 9 28 29 46 
Run 95 400 1 28 29 30 
Run 96 500 0 0 0 0 
Run 97 374 7 10 3 9 
Run 98 390 7 22 29 3 
Run 99 340 7 22 24 39 
Run 100 433 10 14 46 8 

 

Table 8 Output results for two 2.5 km long tunnel with different varying random numbers  

Note that each column represents the total and it is not the fraction of the other column. 

For 2x2.5 
km 

Days Hours Minutes Seconds Milliseconds 

Run 1 505 10 57 41 54 
Run 2 656 8 52 14 96 
Run 3 666 2 8 21 30 
Run 4 595 7 2 22 84 
Run 5 500 1 6 45 14 
Run 6 912 9 5 3 51 
Run 7 611 10 26 54 21 
Run 8 784 2 4 31 36 
Run 9 579 17 0 54 53 
Run 10 627 15 16 17 45 
Run 11 688 9 51 48 48 
Run 12 809 1 23 34 95 
Run 13 977 9 1 49 14 
Run 14 633 14 6 37 45 
Run 15 819 9 26 54 6 
Run 16 729 18 1 13 38 
Run 17 604 17 27 1 62 
Run 18 768 15 8 54 12 
Run 19 695 11 44 59 31 



Run 20 890 3 0 18 76 
Run 21 578 3 27 23 36 
Run 22 818 17 44 38 84 
Run 23 653 2 33 14 71 
Run 24 716 9 13 35 6 
Run 25 526 16 37 21 54 
Run 26 534 7 3 41 66 
Run 27 670 1 15 38 87 
Run 28 631 7 8 17 23 
Run 29 627 0 32 40 53 
Run 30 797 11 25 22 22 
Run 31 754 0 54 11 39 
Run 32 726 1 45 16 41 
Run 33 730 14 38 7 15 
Run 34 763 6 10 44 96 
Run 35 716 10 13 5 63 
Run 36 696 14 29 58 10 
Run 37 644 3 50 6 55 
Run 38 670 7 11 49 10 
Run 39 628 9 2 13 69 
Run 40 605 11 48 32 64 
Run 41 600 10 13 36 46 
Run 42 898 14 8 24 63 
Run 43 709 15 38 2 54 
Run 44 631 1 45 42 72 
Run 45 775 8 47 53 27 
Run 46 721 15 43 16 21 
Run 47 675 10 26 11 50 
Run 48 813 6 9 44 19 
Run 49 531 7 36 8 15 
Run 50 581 15 21 14 27 
Run 51 560 8 46 45 30 
Run 52 598 11 4 23 22 
Run 53 1000 0 0 0 0 
Run 54 760 15 28 4 47 
Run 55 749 3 40 4 65 
Run 56 593 10 35 49 84 
Run 57 631 7 26 22 2 
Run 58 638 7 45 48 39 
Run 59 668 17 54 5 72 
Run 60 804 14 47 21 18 
Run 61 760 2 0 54 1 
Run 62 579 2 46 34 61 
Run 63 573 3 11 28 52 
Run 64 559 14 16 10 61 
Run 65 759 6 32 49 5 
Run 66 746 0 52 52 47 
Run 67 674 2 55 9 59 



Run 68 645 6 57 17 25 
Run 69 600 0 57 40 10 
Run 70 723 7 59 0 35 
Run 71 773 10 0 0 60 
Run 72 563 1 55 35 63 
Run 73 707 9 15 15 24 
Run 74 744 2 25 12 54 
Run 75 781 1 38 35 43 
Run 76 622 10 21 45 89 
Run 77 552 17 35 45 27 
Run 78 729 10 33 33 5 
Run 79 736 7 40 17 47 
Run 80 555 17 16 7 85 
Run 81 498 10 6 2 41 
Run 82 759 10 57 56 28 
Run 83 515 1 48 38 32 
Run 84 754 9 19 28 84 
Run 85 692 14 26 34 87 
Run 86 591 9 9 47 42 
Run 87 694 7 14 31 2 
Run 88 598 14 19 38 46 
Run 89 631 10 51 15 45 
Run 90 545 9 41 40 41 
Run 91 589 9 25 46 36 
Run 92 774 16 26 51 46 
Run 93 717 8 47 41 21 
Run 94 650 1 3 58 8 
Run 95 666 15 54 52 52 
Run 96 927 10 24 18 18 
Run 97 624 15 31 30 22 
Run 98 651 15 54 27 12 
Run 99 566 7 50 26 71 
Run 100 724 2 5 25 22 

 

 

 

 

 

 



Appendix IV 

Shift schedule  
                         
                         
begin P_break arriving          
  while 1=1 do /*do for entire simulation*/ 
   begin 
    take down conv.M_sec1            /*going for shift*/ 
    wait for 24  min                 /*time to start the work*/ 
    bring up conv.M_sec1             /* work*/   
    wait for 216 min                 /*work until lunch  3 hrs and 36 
min*/ 
    print "First break" to LBL_Table(2) 
    take down conv.M_sec1            /*first break*/   
    wait for 120 min                 /*lasts for 2 hrs*/ 
    bring up conv.M_sec1             /*back to work*/  
    print "Break finished" to LBL_Table(2) 
    wait for 120 min                 /*work until end of the first 
shift*/ 
     
    take down conv.M_sec1            /*going for shift 2*/   
    wait for 24  min                 /*time to start the work  2*/ 
    bring up conv.M_sec1             /*work*/  
    wait for 216 min                 /*work until lunch  3 hrs and 36 
min*/ 
    print "Second break" to LBL_Table(2) 
    take down conv.M_sec1            /*first break*/   
    wait for 120 min                 /*lasts for 2 hrs*/ 
    bring up conv.M_sec1             /*back to work*/  
    print "Break finished" to LBL_Table(2)  
    wait for 120 min                 /*work until end of the second 
shift*/ 
     
    take down conv.M_sec1            /*going for shift*/   
    wait for 24 min                 /*time to start the work*/ 
    bring up conv.M_sec1             /* work*/   
    wait for 144 min                 /*work until end of the third 
shift*/ 
    print "Third Break" to LBL_Table(2) 
    take down conv.M_sec1            /*first break*/   
    wait for 312 min                 /*Night*/ 
    print "Break finished" to LBL_Table(2) 
    bring up conv.M_sec1             /*back to work*/  
  end 
end    

 

 

 


