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ABSTRACT 
Both Measurement While Drilling (MWD) and image analysis systems are useful tools that today 
are in use in mining industry. The data interpretation for both systems has been proposed by 
different studies, but often requiring site specific calibration. Sometimes the interpretation 
methods used by different researchers are in contrast. This may be caused by variation in 
geological conditions for each mine site.  

In Aitk Mine, the largest open pit copper mine of Europe, both MWD and Image Analysis systems 
have been installed and the monitored data is saved in databases. Neither of the two systems are 
today been fully used. In this study, data from selected benches were used to demonstrate the 
potential of these two systems to predict rock conditions improve the blast design and productivity 
of the mine. 

Two directions of analysis were used to investigate the MWD data. Down-hole analysis used to 
demonstrate the internal relation between MWD parameters while horizontal analysis was to 
check the variation of the parameters within the bench. Among the different parameters analyzed, 
rate of penetration showed the best alternative for interpretation in this case. Meanwhile further 
research is recommended to prove this phenomenon.  

The Image Analysis data was used to check the result of the blasting of the bench. The variation of 
the fragmentation in the bench shows that in the part of the bench were lower penetration rate was 
measured, larger fragmentation was seen. This variation in rock strength is visible in the crushed 
material, after passing the primary crusher. In Addition the variation of the coarser grain material 
was much higher than for the smaller sizes. This indicates that larger sieve sizes should be 
recommends to verify changes in blast results.  

Conclusively, by using the MWD data for blast design, it is possible to reach the ideal blasting and 
achieve a more uniform fragmentation by adapting an individual hole charging and blast design.  



 iii

TABLE OF CONTENT 
PREFACE ...........................................................................................................................................i 

ABSTRACT.......................................................................................................................................ii 

TABLE OF CONTENT................................................................................................................... iii 

1. INTRODUCTION .....................................................................................................................1 

2. LITERATURE REVIEW ..........................................................................................................2 

3. AITIK MINE..............................................................................................................................4 

3.1 Location and geometry.......................................................................................................4 

3.2 Geology..............................................................................................................................6 

3.3 Ore Flow from Mine to Smelter.........................................................................................7 

3.4 Descriptions of the test area ...............................................................................................7 

4. MEASUREMENT WHILE DRILLING (MWD)......................................................................9 

4.1 MWD in Aitik ....................................................................................................................9 

4.2 MWD Parameters.............................................................................................................12 

4.2.1 Independent Parameters ...........................................................................................12 

4.2.2 Dependent Parameters..............................................................................................12 

4.2.3 Calculated Parameters..............................................................................................13 

5. RESULTS MWD ANALYSIS ................................................................................................15 

5.1 Vertical view....................................................................................................................15 

5.1.1 Correlation between Penetration rate, Torque and Vibration ..................................15 

5.1.2 Correlation between Penetration rate and Specific Energy .....................................16 

5.1.3 Correlation between Blastability Index and Specific Energy ..................................17 

5.2 Horizontal View...............................................................................................................18 

5.2.1 Rate or Penetration...................................................................................................18 

5.2.2 Torque: .....................................................................................................................18 

5.2.3 Specific Energy:.......................................................................................................19 

5.2.4 Blastability Index: ....................................................................................................19 

5.2.5 Vibration: .................................................................................................................20 

5.3 Discussion ........................................................................................................................21 

6. RESULTS FRAGMENTATION ANALYSIS ........................................................................22 

6.1 Correlation with MWD ....................................................................................................24 

7. CONCLUSION........................................................................................................................27 

8. RECOMMENDATIONS AND FURTHER RESEARCH ......................................................28 

REFERENCES.................................................................................................................................29 



 1

1. INTRODUCTION 
Measurement While Drilling (MWD) or Drill Monitoring is a technique to characterize rock 
masses during drilling by using drill performance parameters. Drill Monitoring systems on 
production drilling in surface mining offer the potential to define the geological and 
geomechanical characteristics of the mine bench during drilling. It usually provides more accurate 
information than traditional geological assessments and it is also a time and cost efficient method 
for detailed characterisation of large rock masses. Furthermore, also strategic mine planning 
information such as blasting design data can be extracted from MWD data. 

Drill monitoring has been available for rotatary drilling for several decades. Companies like 
Aquila Mining Systems, Modular Mining, Thunderbird Pacific etc. have supplied drill monitoring 
systems since the 1980’s.  

Boliden’s Aitik mine in Sweden has since 1998 been using Drill monitoring. Initially a system 
developed by Boliden was used but today it has been replaced by a commercial system from 
Aquila Mining Systems. Today all rigs are equipped with Aquila drill management system (DM-
5).  

A number of different techniques for interpretation of raw data have been developed and used over 
the years. From simple parameter combinations to more advanced techniques based specific 
energy or statistical methods. Some of these techniques are included in the presently used system 
in Aitik.  

This thesis project aim at studying the present MWD technique in Aitik mine and evaluate the 
potential to predict the geological and geomechanical characteristics of the bench. Also the 
correlation to blast results defined by image analysis, is studied. 
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2. LITERATURE REVIEW 
Measurement While Drilling was introduced to the mining industry from Oil and Gas drilling in 
1970s. It has proved to be an efficient tool for mine site geologists and blast designers to identify 
the geological and geomechanical characteristics of the mine site without any extra diamond 
drilling and core mapping. It saves time and improves the accuracy in geological interpretation. 
However the analysis of raw data and site calibration requirements are still the main obstacles for 
the application of the technique.  

To deal with the analysis Teale (1964) introduced the concept of Specific Energy based on a 
parameter that combined all important MWD parameters. Among the MWD parameters, 
penetration rate has been known as the most effective parameter in determining the boundary 
between different rock types. Specific Energy which is the energy required to excavate unit 
volume of rock can be used as an index of rock mechanical properties of the rock mass. Therefore, 
there is a probable correlation between specific energy and crushing strength. 

Peck (1989) studied the rotary blast hole drill performance monitoring conducted at the Fording 
River Mine, a coal mine in Canada. The correlation between drill performance parameters and 
different rock types showed that the combined drill parameter of specific energy index was more 
sensitive to the variation of rock properties than individual parameters. The capability of 
performance monitoring for exploration in the mine was successfully examined. The study stated 
that performance monitoring can be used for variety of mining engineering applications in 
exploration, planning and in the production phases.  

Scoble et al. (1989) examined the correlation between drill performance parameters in rotary 
drilling and geological pattern for blast hole drilling in coal mining. According to the study, the 
variation in penetration rate correlates with changes in nature of rock. The variation in rotary 
torque has a clear impact from changes in rock hardness. For constant rotary speed, the variation 
in rock characteristics has reflected by the pull-down pressure. Specific energy relates the work 
done by the drill bit and the energy required to fracture the rock. The study showed an excellent 
correlation between the variation in specific energy and the variation between soft and hard rock. 

Pollitt et al. (1991) studied four drill performance parameters and compared them with results 
from gamma, neutron and core logging. Torque, pull-down pressure, rotary speed and penetration 
rate were measured from rotary blast hole in a large-scale open pit coal operation. The variations 
in these parameters were subsequently correlated with the corresponding rock types using the 
results from gamma, neutron and core logs in the same of adjacent boreholes. The study accurately 
indicated the depth, locations and thickness of coal seams and associated waste rock units. 

Schunnesson (1997) used percussive drill monitoring to characterize rock types in Viscara copper 
mine, Sweden. The geology of the mine is complicated with different rock types and mechanical 
properties. Therefore the correction between monitored drilling parameters and the lithology of the 
ground was not strict. To automatically classify the rock type by using drill performance comes 
with some drawbacks. The correlation may not occur when drilling is passing fractured rocks or 
when the rock is not a typical rock type. External factors such as quality of bits and rods can also 
influence the drill parameters. 

Liu and Karen (2001) studied the internal relation between drill performance parameters in rotary 
drilling. Data from blast hole drilling in Minntac iron ore mine in America were examined. They 
introduced two new quantities, specific surface energy and stress ratio as indicators of rock 
drillability. Specific Surface Energy defined as the energy required breaking the intact rock body 
and forming new surface of unit area. The stress ratio K, provides a comparison between the rotary 
component of the energy and its pull-down component. In this study also, vibration was 
considered as more severe when it is hard and brittle rock condition. 
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Turtola (2001) defined a geological interpretation of MWD data for Aitik mine based on Bucyrus-
Eire 49-R/RH rotary blast hole drill rig. It was clearly possible to identify the main rock types in 
Aitik mainly by variation in penetration rate. The value of specific energy also shows a very good 
corresponding relation with rock types. A strong correction between mechanical properties and 
drilling parameters was unsuccessful to achieve due to schistosity and sudden variation of 
mechanical properties of the rocks in Aitik mine. 

Smith (2002) used data from Aquila drill monitoring system placed in an Australian gold and 
copper mine to study the potential of vibration to characterize the rock mass. An inverse 
correlation between vibration and specific energy were observed. Moreover in order to study 
vibration, a laboratory drill rig used for measuring vibration. Identification of layers by variation 
of vibration in homogeneous material was clearer than in heterogeneous material. Vibration 
especially in homogeneous material attenuates with depth which probably is due to the energy loss 
up the drill string as it travels down the hole. Therefore, vibration was found useful to differentiate 
between homogeneous and heterogeneous rock types.  

Segui and Higgins (2002) classified drill parameters into three categories: measured parameters, 
calculated parameters and inferred parameters which will be discussed in chapter 4. With some 
examples from Australian mines, they demonstrated the possibility of using MWD data for blast 
design. MWD systems are not absolute rock recognition systems, but with in situ calibration and 
proper interpretation, they have potential for blast design. They concluded that MWD systems will 
improve blast performance, and also provide significant time and cost savings. It can be useful for 
both short term scheduling and mineral processing.  

The literature review shows the potential of MWD systems for geological and geomechanical 
characterisation of mine benches. The technique has also been successfully used for optimizing 
blasting in open-pit mining. The important role of MWD measurements and analysis in mining is 
obviously from previous studies. Although there are a numbers of interpretation methods, from 
single parameter to complicated calculated indices, still more research on this aspect is required. 
The problem associated with interpretation may arise from variation in geological conditions in 
different mines. Therefore a common method of interpretation to be applied for all mines seems 
unreasonable.  
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3. AITIK MINE 
3.1 Location and geometry 
Aitik mine, one of Europe's largest open pit copper mines, is located about 60 km north of Arctic 
Circle, 20 km east of the town of Gällivare in north of Sweden (Figure 3.1). The mine is owned 
and operated by a Swedish mining company, Boliden Mineral AB. The production of the mine is 
copper with gold and silver as by products. The ore is low grade, 0.4% Cu, 3.5 ppm Ag and 0.2 
ppm Au. The ore was discovered in 1930s but mining did not started until 1968 with a production 
of 2 million tonnes per annum. Today, the production of the mine is 18 Mt of porphyry copper. In 
2007 a new expansion program has been decided to enable Aitik to produce 36 million tonnes of 
ore annually until 2025. 

 

 
Figure 3.1 Location of Aitik mine (Sjöberg, 1999). 

The ore body has approximately N20°W strike and 45° dip to the west. It is approximately 2000 
meters long and 300 meters wide. The total reserve of the mine is approximately 700 Mton of 
which about 200 Mton has been mined out. 

The pit has two sections, southern and northern. The southern section is smaller with a depth of 
300 meters, which is almost the final depth. The northern section has passed the level of 300 
meters and contains the ore up to 800 meters deep (Figures 3.2 and 3.3).  
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Figure 3.2 Satellite image of Aitik Mine (Google Earth 2007). 
 

 
Figure 3.3 Geometry of the pit at Aitik mine (Sjöberg, 1999). 

Today, the pit is approximately 2500 meters long, 500 meters wide and 300 meters deep. The main 
ramp is located on the footwall. After drilling and blasting the ore is transported by trucks to an in-
pit crusher centrally located on footwall. After crushing, the ore is transported to primary mill by 
an underground conveyor belt.   
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3.2 Geology 
Aitik mine is located along the Kiruna-Ladoga shear zone, the boundary between the Karelian 
plate and the Svecofennian plate. The area consists of metamorphosed plutonic, volcanic and 
sedimentary rock, all of Precambrian age. The mine surroundings are relatively flat, with some 
undulation hills. The strike of the ore is north-south with dip of between 40° and 50° to the west. 
Chalcopyrite, gold and silver are the economically important minerals at Aitik (Sjöberg, 1999). 

The mining area is divided into footwall, ore zone and hanging wall, based on tectonic boundaries 
and copper grades. Host rocks of the Aitik deposit are calc–alkaline in composition and probably 
originally formed as a volcano-sedimentary sequence in a 1·9 Ga volcanic arc at the south-western 
margin of the Archaean craton. Several generations of pegmatitic dykes occur in the mining area. 
These pegmatites strike either north-south or east-west and range in thickness from 0.5 m to 20 m 
(Wanhainen, 2005). 

The main ore zone of Aitik can be divided into two lithological units: Muscovite schists in the 
upper part toward the hanging wall; and fine-grained biotite gneiss and schist in the lower part 
near the footwall. Lenses of muscovite schists are possible to be found toward the footwall. The 
smooth transition in similar rock types like biotite schist and biotite gneiss usually makes it 
difficult in core mapping and identifying the boundary between rock types.   

Muscovite schist has the lowest strength and biotite schist has the highest strength in the rock 
types of Aitik mine. Pegmatite dykes which have significant higher strength, occur within the ore 
zone, more frequently closer to the hanging wall.  

Overall, eight different rock types can be found in Aitik mine. They are as follows from hanging 
wall toward footwall: 

 

1. Amphibole gneiss (Hanging Wall); 
2. Muscovite schist (Ore Zone); 
3. Pegmatite (Ore zone); 
4. Biotite schist (Ore Zone); 
5. Biotite gneiss (Ore Zone/Foot Wall); 
6. Biotite gneiss with amphibole (Ore Zone/Foot Wall); and 
7. Diorite (Foot Wall). 
 

Table 3.1 Strength of different rock types in Aitik Mine. 
Schmidt hammer tests   

[Mpa] 
Point load tests          

[Mpa] 
Point load tests           

[Mpa] 
Rock Type 

Normal to 
Foliation 

Number 
of tests 

Normal to 
Foliation 

Number 
of tests 

Normal to 
Foliation 

Number 
of tests 

Muscovite schist 46.0 ± 11.0 6 28.6 ± 5.7 25 67.1 ± 7.2 56 

Biotite schist 75.0 ± 28.1 3 74.6 ± 12.7 28 88.0 ± 10.7 70 

Biotite gneiss 81.1 ± 7.9 27 112.1 ± 11.9 21 121.0 ± 7.0 147 

Pegmatite 82.5 1     141.6 ± 16.6 37 

Reference Sjöberg (1999) Valery et al. (2002) Bergman (2005) 
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Five to six major joint sets has been identified in the Aitik pit. The main joints are the foliation 
sets, striking almost parallel to the ore body and dipping toward the west. Also there are two other 
joint sets which are steeply dipping and striking NW-SE and nearly E-W, respectively. The 
average spacing between joints is one to two meters which makes the rock mass relatively blocky. 

3.3 Ore Flow from Mine to Smelter 
The mining process in Aitik mine is schematically shown in figure 3.4. It starts with drilling and 
blasting. After each round of bench blasting, four shovels, with bucket capacity of 100 tonnes, and 
25 trucks, with bucket capacity of 200 tonnes, will perform loading and hauling. Trucks unload the 
ore into two in-pit cone type crushers which are located at level of 165. All tucks are equipped 
with MineStar system which is an integrated mining information system, delivered by Caterpillar. 
This system enables to monitor and manage the traffic of trucks in the pit from the office and also 
recording the source and destination of the transported ore. This data records in a database which 
makes it possible to keep tracking the source of the ore. An underground conveyor belt starting 
under the crushers transports the crushed ore to two ore storages. The crushed ore goes through the 
processing plant and finally transports to Rönnskär for smelter (Bergman, 2005). 

 

 
Figure 3.4 Schematic ore flow from mine to smelter (Bergman, 2005). 

 

3.4 Descriptions of the test area 
The analysis of MWD data from Aitik is based on bench number 4141 at level 285. This bench 
was selected since a more detailed geological description of the bench was available through the 
six exploration boreholes. Furthermore, it was selected since different rock types occurred in the 
bench. 

Figure 3.5 shows the geology of the selected area. The figure shows three pegmatite dykes passing 
through the bench. The Geology map seems rather simplified since in the real situation of Aitik 
mine, the boundary between rock types are not very sharp. The drill core maps from the six 
boreholes do not show much variation in lithology since the geology is homogeneous. Therefore in 



 8

reality there are some pegmatite dykes going through the bench, but not exactly as it is shown in 
this map. 

 

 
Figure 3.5 Horizontal geological interpretation at level 285 (Nyberg, 2004). 
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4. MEASUREMENT WHILE DRILLING (MWD) 
4.1 MWD in Aitik 
Drill monitoring has been used in Aitik mine since 1998. Previously, a system developed by 
Boliden Mining Company was used, but today it has been replaced by a commercial system from 
Aquila Mining Systems. Aquila DM-5 drilling management system is a drill positioning system 
for vertical drilling. The system requires two GPS receivers, a radio receiver, and two 
inclinometers to obtain precise drill bit position and heading (figure 4.1). The input to the system 
is a MAP file simply an ASCII file containing three attributes for each hole: Hole Identification 
(name), Hole Northing Coordinates and Hole Easting Coordinates. With this system, the operator 
can navigate to the exact position of each blast hole within centimetres. Two GPS antenna which 
are located at the top of the drill rig will provide the operator the exact position of the drill rig. The 
display of the system in the cabin of the drill rig can show the exact position of the drill rig 
according to the map during navigation and variation in different drill parameters during the 
drilling process. The output from the system which are the measured values of the MWD 
parameters for each blast hole and the exact position, drill rig number, bench number, hole number 
and start and end time is save in a database. 

 

 
Figure 4.1 Components of Aquila DM-5 (from manual of the system). 

 

The drill rig and the operating cabin are shown in figure 4.2. The blast holes in the ore zone have a 
diameter of 12 ¼ inch (311 mm) and around 17 meters depth. After drilling each hole, the operator 
use manual depth measurement to make sure that the hole is not filled after taking out the bit, due 
to soft rock layers.  
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Figure 4.2 Drill rig and the operating cabin. 

 

The Aquila system records the drill parameters during drilling, see the sample in table 4.1. The 
interval for recoding the parameters can be adjusted to few centimetres to some meters. The 
interval in drill rig number 17 is 0.2 meters. Choosing the interval for MWD system depends on 
the geological condition and means of measurement. For some Applications like location of joints 
and breakouts, interval of centimetres is needed. In Aitik Mine the transaction between different 
rock layers are very smooth and the main purpose of using MWD data is for blast design, therefore 
the 0.2 meters interval is very logic. 

The parameters in the system are measured in SI units which are discussed in detail in chapter 4.2. 
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Table 4.1 Sample part of MWD data from Aquila DM-5. 
 

DEPTH RPM WEIGHTONBIT TORQUE ROP AIR_PRESSURE VIBRATION BI 

0.2 38.4 133.62 42.8 0.0112 150.9 0.51 38.6 

0.4 47.1 41.58 53.2 0.0167 311.8 0.94 52.9 
0.6 50 123.08 87.4 0.0052 316 0.92 416.7 
0.8 51.1 146.83 87.5 0.0017 319 0.89 1018.5 
1 51.6 147.1 78.1 0.0016 319.1 0.84 635.5 

1.2 59.5 222.83 102.5 0.0117 319.4 0.95 147.3 
1.4 60.2 398.03 103.8 0.0056 319.3 1.06 540.1 
1.6 67.1 431.46 113 0.0031 319.2 1.11 1310.4 
1.8 69.6 434.44 111.1 0.0033 319.3 1.03 786.8 
2 69.9 415.81 115.8 0.0064 318.8 1.19 367 

2.2 70.1 394.81 121.6 0.0088 318.4 1.63 263.3 
2.4 70 425.21 133.2 0.0062 318.7 1.27 650.8 
2.6 69.6 440.4 101.5 0.0027 319 1.07 824.9 
2.8 69.5 442.96 94.2 0.0024 319.3 1.08 849.9 
3 69 441.65 88.4 0.002 319.2 1.09 984.9 

3.2 68.9 418.07 95 0.0066 319.2 1.13 173.8 
3.4 69 427.23 114.5 0.0048 319.3 1.18 610.2 
3.6 69.8 425.71 99.8 0.0042 319.2 1.27 628.2 
3.8 69.7 437.81 92.5 0.0033 319.2 1.12 637.6 
4 69.6 434.7 96.8 0.0036 319.3 1.11 429.9 

4.2 69.4 440.55 85.9 0.0024 319.3 1.06 1067.5 
4.4 69.1 431.47 88.4 0.003 319.4 1.09 846.3 
4.6 69.3 438.88 96.7 0.0034 319.6 1.05 616.2 
4.8 69.2 440.05 91.7 0.0031 319.6 0.99 531.1 
5 69.3 435.79 98.4 0.0037 319.5 1.02 674.2 

5.2 82.4 560.36 146.4 0.0101 319.4 1.12 393.8 
5.4 85 608.17 164.4 0.0119 319.3 1.1 353.8 
5.6 86.3 597.47 218.9 0.0161 320 1.27 340.3 
5.8 83.2 612.79 199.6 0.0152 319.6 1.88 275.6 
6 81 614.33 159.3 0.0106 319.6 1.05 376.3 

6.2 80.8 613.71 163.7 0.0106 319.3 1.06 355.6 
6.4 81 613.35 171.9 0.0108 319.7 1.06 401 
6.6 80.4 613.08 168.1 0.0106 319.7 1.05 389.6 
6.8 80.7 609.59 167.6 0.0117 319.5 1.15 356.6 
7 80.9 611.27 171.1 0.0112 319.4 1.07 351.4 

7.2 80.9 612.59 169.6 0.011 319.6 1.08 413.5 
7.4 80.9 608.94 168.1 0.0119 319.4 1.12 341.1 
7.6 81.6 605.76 171.2 0.0127 319.4 1.36 324.2 
7.8 80.8 605.95 176.4 0.0128 319.4 1.25 346.8 
8 81 596.4 194.8 0.0137 319.7 1.49 358.5 
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4.2 MWD Parameters 
MWD parameters can be classified as measured parameters which are measured by the system 
automatically during drilling and calculated parameters which will be calculated from the other 
MWD parameters.  

Measured parameters can be divided into two groups. Independent Parameters which are 
controlled by the drill operator such as Rotary Speed and Weight on Bit. Dependent parameters 
are related to changes in geological situation such as Penetration Rate, Torque and Air Pressure 
(Peck, 1989). 

Calculated parameters such as specific energy and blastability index are combination of other 
MWD parameters and usually are used as indicator of strength of the rock mass.  

4.2.1 Independent Parameters 
Depth: All interpretation of MWD parameters are base on depth, therefore it is important that 
depth be measured accurately.  The SI unit for depth is meter (m). 

Time: Date and time is an aid to keep recording the data and use it for interpretation of other 
parameters.  

Rotation Speed (RPM): Revolution speed is a unit of frequency to measure rotational speed. It 
represents the number of full rotations of the bit in one minute. Rotary speed affects the rate of 
penetration.  

Weight on Bit, or Thrust, or Feed Force (W): The weight on bit is applied axially to the bit to 
achieve penetration rate. Therefore any changes in weight on bit will also directly changes the rate 
of penetration. The SI unit for weight on bit is Newton (N). 

4.2.2 Dependent Parameters 
Rare or Penetration (P): The Rate of Penetration is the rate of advance of bit through the rock. 
The geological and geotechnical properties of the rock mass influence the rate of penetration. 
Therefore rate of penetration is an important parameter in MWD to locate the boundary between 
different rock types. This rate increases in soft rocks and fractures zones and decreases in hard 
rock.  

Meanwhile, other MWD independent parameters can influence this rate. Weight on bit, air 
pressure, rotary speed, bit age and bit design directly affects the rate of penetration. Therefore it is 
important that during drilling keep these parameters as constant as possible. The SI units for ROP 
are meters per second (m/s). However in the mining industry it is normally measure in centimetres 
or meters per minute.   

Torque (T): The torque is the rotation force applied to the rotating bit. This force is defined by 
linear force multiplied by a radius. The amount of torque required to rotate the bit is depend on the 
rock properties, weight on bit and bit design. The maximum of the torque applied by drill rig is 
limited by the electric rotary motors. It is a good indicator of variation in soft and hard rock as 
well as rate of penetration. The SI units for torque are Newton meters (Nm). 

Vibration: During drilling when the bit is passing through different layers there is a signification 
vibration on the drill rig. This parameter can be use as an indictor of rock properties. It will be 
discussed in 6.1.1 and 6.2.5. The SI units for vibration are Nm/s. 

Air Pressure: Air pressure is used to remove the cuttings from the hole. The air pressure varies 
based on the structure of the rock such as joints, fractured zones and joint fillings. The SI unit for 
pressure is Pascal (Pa). 
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4.2.3 Calculated Parameters 
Specific Energy: The concept of Specific Energy has been introduced by Teale (1964) as the 
work done per unit excavated. In rotary drilling the work is done both by the Weight on bit and the 
Torque. He introduced the following equation for specific energy which used in this work: 

 

⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛=

P
NT

AA
FSE π2  N.cm/cm3 

 
Where: 
SE: Specific Energy (N.cm/cm3); 
F: Thrust (N); 
A: Cross-Section area of the drill hole (cm2); 
N: Rotation Speed (RPM); 
T: Torque (N.cm); and 
P: Penetration Rate (cm/min). 

Blastability Index (BI): The blastability index describes the intact character of the rock mass as a 
measure of how easy or difficult it will be to fragment the rock. BI helps in blast design for the 
bench and it is similar to the rock factor in the Kuz-Ram fragmentation model. Harder rocks 
respond with higher value of BI compared to soft rocks.  

MWD system requires site specific calibration in order to determination of BI. Geotechnical data 
such as uni-axial compressive strength (UCS) and Young’s modulus extracted from few test holes 
will be used to determine the accurate value of BI, in order to calibrate the system. The 
determination of the BI is proprietary of Aquila Mining System (Hendricks, 2007).  

Lilly (1986) has developed a blasting index based on rock mass description. To calculate 
Blastability index from the rock mass the following equation is recommended: 

BI = 0.5 × (RMD + JPS + JPO + RDI + S) 
 
Where: 
BI: Blastability Index; 
RMD: Rock mass Description; 
  10 , for Powdery/Friable rock mass; 

20 , for Blocky rock mass; 
50 , for Totally Massive rock mass; 

JPS : Joint Plan Spacing;   
10 , for Closely Spacing (<0.1m); 
20 , for Intermediate (0.1 – 1.0 m); 
50 , for Widely Spacing (>1.0m); 

JPO: Joint Plane Orientation; 
10 , for Horizontal; 
20 , for Dip out of the Face; 
30 , for Strike Normal to Face; 
40 , for Dip into Face; 

RDI: Rock Density Influence; 
25 × Specific Gravity of rock (D) (t/m3) – 50; 
If D ≤ 2 then RDI =1; 

S: Rock Strength; 
 [0.05×UCS] where UCS is given is MPa. 
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Table 4.2 Sample of MWD data. 
DRILL 

No TIME_START DEPTH RPM WEIGHT  
ON BIT TORQUE ROP AIR     

PRESSURE VIBRATION BI 

17 5/30/2004 11:17 0.2 27.4 136.37 19.2 17.2 192.2 0.46 29.8 
17 5/30/2004 11:17 0.4 32.3 45.15 48.9 17.7 315.4 0.67 18.9 
17 5/30/2004 11:17 0.6 49.1 41.11 53.3 17.4 316.5 1.04 26.8 
17 5/30/2004 11:17 0.8 46.6 79.03 74.2 12.5 318 1.04 47 
17 5/30/2004 11:17 1 46.4 122.5 88.3 6 318.9 1.1 83.8 
17 5/30/2004 11:17 1.2 45.9 137.26 84.7 3.5 319.4 0.91 176 
17 5/30/2004 11:17 1.4 45.6 145.99 73.8 2 319.9 0.84 278.9 
17 5/30/2004 11:17 1.6 46.3 140.05 72.1 2.9 319.6 0.9 183.1 
17 5/30/2004 11:17 1.8 52.8 147.02 79.6 4 319.3 0.8 112.8 
17 5/30/2004 11:17 2 63.8 381.48 112.5 10.4 319.1 1.09 45.5 

 

Comminution Index: CI is also a calculated parameter describing the crushability or grindability 
of the rock mass. This concept has been developed by at JKMRC, Australia. It has been developed 
by comparing MWD parameters recorded at higher rates with known values such as point load 
test, drop weight test and Bond work index, from information accumulated and developed at 
JKMRC (Segui and Higgins, 2002). No successful application has so far been reported in the 
literatures. 
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5. RESULTS MWD ANALYSIS 
For analysis, the data extracted from the MWD system were analysed in vertical and horizontal 
view. In vertical analysis, Microsoft Excel was used to plot the fluctuation of parameters through 
each blast hole. The parameters compared with each other to study the relation between different 
MWD parameters. In horizontal analysis, Surfer, a powerful software developed by Golden 
Software Inc. was used to plot the contour map of the average value of each MWD parameter to 
provide an overview of the bench. Horizontal view can be more useful when used for blast design 
since it will provide a good overview of the condition of the bench. 

5.1 Vertical view 

5.1.1 Correlation between Penetration rate, Torque and Vibration 
Figure 5.1 shows a direct correlation between Penetration Rate, Torque and Vibration.  It can be 
seen that the rate of penetration and torque will increase in soft rock condition and fracture zones. 
Vibration was supposed to be more severe according to some previous studies (Lui and KAREN 
YIN, 2001). This study clearly shows that vibration has a direct correlation to rate of penetration 
and torque. In this case, vibration is more severe in soft rock and fracture zones. Figure 5.2 shows 
another example of direct correlation between rate of penetration, torque and vibration while 
weight on bit and rotary speed are fairly constant.   
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Figure 5.1 Example of correlation between Penetration rate, Torque and Vibration (bench 

number 4141, blast hole number 4). 
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Figure 5.2 Direct correlation between rate of penetration, Torque and vibration while weight 

on bit and RPM are quite constant (bench number 4141, blast hole number13). 

5.1.2 Correlation between Penetration rate and Specific Energy 
Specific energy is a calculated parameter which is a combination of other parameters, see section 
4.2. Penetration rate is one the components of this parameter. Therefore according the equation of 
specific energy (section 4.2), reveres correlation between penetration rate and specific energy is 
expected. Figure 5.3 shows the reversed correlation between specific energy and penetration rate. 
That means the amount of specific energy is higher for harder rock. So the variation of specific 
energy in bench can shows which parts of the bench is easier to blast and which parts are more 
difficult. 
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Figure 5.3 Example of correlation between Penetration Rate and Specific Energy (bench 

number 4141, blast hole number. 74). 

5.1.3 Correlation between Blastability Index and Specific Energy 
Blastablity Index is one of the parameters which are automatically calculated by Aquila system. 
Determination of the BI is proprietary to Aquila Mining System and needs to be calibrated in order 
to be useful. Currently the system is not calibrated in Aitik mine but the provided BI value shows a 
very clear correlation with calculated value of specific energy, as seen from figure 5.4. Therefore 
it shows that the formula which Aquila is using to automatically calculating the blastability index 
is very similar to the equation of specific energy which has discussed in Section 4.2. 

 

Blastablity Index

0

5

10

15

20

0 100 200 300

Depth 
[m]

Specif ic Energy [N.cm/cm3]

0

5

10

15

20

0 100 200 300

 
Figure 5.4 Example of correlation between BI and SE (bench number 4141, blast hole number 

4). 
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5.2 Horizontal View 

5.2.1 Rate or Penetration 
Section 5.1.1 has shown that the variation in penetration rate is a simple and fairly good indicator 
of the strength of the rock mass, even though different factors can affect the rate of penetration. By 
using the mean value of the rate of penetration for each blast hole and plot for the whole bench, it 
can be a very good indicator of the variation in rock strength. Figure 5.5 clearly shows that a 
pegmatite dyke goes through the bench.  

The frame which has placed on the contour maps is just as guide to compare the contour maps 
with the geology map in figure 3.4. The cross marks in the map shows the location of the blast 
holes in the bench. 

 
 

Figure 5.5 Horizontal contour of Rate or Penetration at blasting areas 4141, 41411 and 41412. 

5.2.2 Torque: 
Figure 5.6 shows the variation in torque in bench number 4141. Torque confirms the occurrence of 
pegmatite dykes in the bench. The blast holes in bench number 41411 and 41412 was drilled with 
drill rig number 19 which was providing different range of values for torque than drill rig number 
17 which were used for bench number 4141. Therefore it was not possible to include all torque 
valued in the same map.  
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Figure 5.6 Horizontal contour of Torque at blasting area 4141. 

5.2.3 Specific Energy: 
Figure 5.7 shows the variation of the specific energy in the bench number 4141 which calculated 
according to the definition of specific energy by Teale (1964). From figure 5.3, specific energy 
showed good reverse correlation with penetration rate in vertical view but in horizontal view it 
does not give a good demonstration of the bench. This may due to noises in data but more focus on 
specific energy in further researches can make it a very useful parameter.   

 

 
Figure 5.7 Horizontal contour of Specific Energy at blasting area 4141. 

5.2.4 Blastability Index: 
Blastablity index which is a calculated parameter and it is calculated automatically by Aquila 
system. Even though it is not calibrated, it should provide good variation according to the 
geological situation. But the horizontal view of the mean value of blastability index in the bench 
does not provide a good view of the variation of the strength of the rock mass, see figure 5.8. 
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Figure 5.8 Horizontal contour of Blastability Index at blasting area 4141 

5.2.5 Vibration: 
Although vibration showed correlation with penetration rate in vertical view, in horizontal view it 
does not provide a very good estimation of the geological situation. Figure 5.9 shows the variation 
of vibration in the bench. In the vertical view the vibration (figure 5.2) shows correlation with 
penetration rate or torque. Figure 5.9, the horizontal view which shown the mean value of the 
vibration in the bench, the variation is very limited. This indicates that the vibration data is noisy 
and it is not very useful. 

 

 
Figure 5.9 Horizontal contour of Vibration at blasting area 4141. 
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5.3 Discussion 
The variation of drill performance parameters in horizontal views can provide a good overview 
and guideline for blast design to optimise blasting for each bench. According to the results of this 
study:  

• Rate of penetration provides the most accurate information about the geological situation in 
Aitik.  

• Even though Torque, Specific Energy and Vibration show good correlation in down-hole 
investigation, they can be useful in horizontal analysis by further study to remove the noise 
from the data. 

• It should note that the data can be more accurate by keeping weight on bit and rotary speed, as 
constant and possible or by removing their effect by using a numerical model 

• Changing of bit during drilling of a bench should be noted since it affects the rate of penetration 

In overall, the potential of the MWD data analysis to provide information for blast design is 
obviously comes from the chapter 5 of this study. Meanwhile interpretation of the data can be 
more accurate and intensive by further studies in other benches.  
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6. RESULTS FRAGMENTATION ANALYSIS 
Image analysis is today a common technique to automatically determine the size distribution of the 
fragmentized rock mass. In Aitik, an automatic SplitOnline image analysis system has been in 
operation since June 2003. It consists of two systems; one for the mine to monitor the bucket of 
trucks before dumping into the primary crusher and the other system is for the mill to monitor the 
conveyors feeding to the primary mills. The mine image analysis system consist of five cameras of 
which four monitor the bucket of the trucks before dumping and the fifth is located on the 
conveyor belt 189 which is under the primary crusher.  

Under the primary crusher a 200 tonnes buffer bin is located. If the bin is empty the material from 
the primary crusher will immediately after dumping reach the conveyor belt 189. Otherwise the 
bin will be filled first. 

 
Figure 6.1 Schematic image analysis system1.  

Each truck in Aitik has the capacity of 200 tonnes. The MineStar system provides exact 
information for every loading cycle for each truck in operation. Table 6.1 shows the sample data 
from the trucks. Start time and End time are related to loading and unloading. SourceX and 
SourceY give the coordinates where the material has been loaded. This means that it is possible to 
trace every single truck load from its original coordinates in the blasted bench to the time when it 
is dumped into the primary crusher.  

 

Table 6.1 Sample working data from trucks.  
CYCLEID STARTTIME ENDTIME LOADER BLAST SOURCEX SOURCEY 

738902 7/22/2005 21:59 7/22/2005 22:34 994 41412 7533.8 4604.82 

738899 7/22/2005 21:57 7/22/2005 22:24 994 41412 7547.61 4589.76 

738896 7/22/2005 21:44 7/22/2005 22:11 994 41412 7558.09 4579.27 

738891 7/22/2005 21:34 7/22/2005 21:57 994 41412 7569.33 4580.9 

738880 7/22/2005 14:02 7/22/2005 21:34 994 41412 7568.82 4583.35 

738865 7/22/2005 20:14 7/22/2005 20:57 994 41411 7573.93 4576.04 

738857 7/22/2005 20:17 7/22/2005 20:39 994 41411 7573.07 4560.93 

 

In this project either the four cameras used for monitoring the bucket of the trucks before dumping 
into the primary crusher could be used or the camera filming the conveyor belt 189 after the buffer 
bin under the primary crusher.  

                                                 
1 Ref: www.spliteng.com 

http://www.spliteng.com
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Both systems have their own advantages. The camera under the primary crusher was finally 
selected since the environmental effects (day-night, sun-shadow, rain, snow etc.) do not affect this 
camera in the same way as for the surface cameras. The main disadvantage with the selected 
camera is that the material has passed the primary crusher and therefore have the largest fractions 
been modified and boulders removed. 

Another problem that has to be handled is the time lag between dumping the truck load into the 
primary crusher and when the material passes the camera.  

The maximum transportation capacity of the conveyor belt 189 is estimated to 70.000 tons/day or 
around 50 tons/minutes. This means that each truck load is presented to the camera during 4 
minutes. If the buffer bin is empty the material passing the crusher will start to be visible for the 
camera with no or a minimum of delay, and continue for 4 minutes. If the buffer bin is completely 
full the material passing the crusher will start to be visible for the camera after 4 minutes and also 
continue for another 4 minutes. The fill level of the buffer bin can be assumed to have uniform 
probability, see figure 6.2. 

 

 
 

 
 
Figure 6.2 Probability for materials going through the conveyor 189 after passing the primary 

crusher. 

To statistically optimize the selection of images showing correct rock material, an interval 
between 2 to 5 minutes was selected so that correct material shall reach the camera over belt 189.  

The image analysis system provide data for K10 to K100, see table 6.2. K10 is sieve size where 
ten percent of the material passes and K100 is sieve size where all of the material passes. The 
image analysis data are then stored in database. 
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Table 6.2 shows a sample image analysis data from camera 5 which is on the belt 189. The source 
of the material is not included in this data but it is possible to track the SourceX and SourceY by 
using time label and trucks working data. The last row in the table, Frame Count, gives the number 
of the images which has been analysed. 

 

Table 6.2 Sample image analysis data 
CAM-
ERA TIME K10    

(mm) 
K20    

(mm) 
K30    

(mm) 
K40    

(mm) 
K50    

(mm) 
K60     

(mm) 
K70     

(mm) 
K80     

(mm) 
K90     

(mm) 
K100    
(mm) 

FRAME
COUNT 

5 6/17/2005 
23:43 2.6 9.6 20.3 34.5 52.4 73.7 95.3 122.4 163.3 306.1 12 

5 6/17/2005 
23:43 2.4 9.0 19.3 33.0 50.6 70.8 92.0 118.8 161.4 313.9 12 

5 6/17/2005 
23:59 2.6 9.9 21.5 37.3 57.6 81.5 105.9 135.8 181.8 332.5 11 

5 6/17/2005 
23:59 2.6 9.5 20.1 34.1 51.8 72.8 94.3 120.3 159.9 313.1 12 

5 6/17/2005 
23:59 2.2 9.1 20.7 37.0 58.7 84.0 111.8 147.0 202.2 382.5 12 

6.1 Correlation with MWD 
The results of the image analysis demonstrate a significant variation in accordance with the rock 
type. In figure 6.3 the fragmentation data (K80) is shown for bench 41411. The red sqares show 
the location of each blast hole where MWD data have been monitored. The black cross represents 
the original location of each truck load from the Mine Star system.  

The pegmatite dyke in the bottom of the figure is clearly indicated by larger fragments and bigger 
boulders compared to the softer rocks in the upper part of the figure. The figure clearly indicates 
that image analysis data can be a useful tool to monitor the result of the blast design and also 
variations in rock conditions.  

 
 

Figure 6.3 Horizontal contour of fragmentation (K80) bench number 41411. 

To compare the size of fragmentation with the rate of penetration, fragmentation value of K20, and 
K80 were plotted versus rate of penetration. Figure 6.4 and 6.5 show that the fragmentation size 



 25

decreases when the rate of penetration increases. Moreover, in the plot, K80 is much steeper than 
K20 showing that blasting has low effect on bigger boulders.  
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Figure 6.4 Variation in Fragmentation (K20) versus Rate of Penetration (bench number 

41411). 
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Figure 6.5 Variation in Fragmentation (K80) versus Rate of Penetration (bench number 

41411). 

Based on the regression lines in figure 6.4 and 6.5 and similar lines for the other K-values an 
estimated fragmentation curve for different penetration rates can be presented. Figure 6.6 shows 
the fragmentation curve for a penetration rate of 60 cm/min. 
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Figure 6.6 Distribution of rock dimensions for a penetration rate of 60 cm/min (bench no. 

41411). 
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7. CONCLUSION 
The results in this study show that Measurement While Drilling is a useful tool for providing 
relevant information of the mechanical properties of the rock mass. Among measured drilling 
parameters and calculated variables the rate of penetration shows the best view of the variation in 
strength for the analysed bench. Also torque and specific energy have been found useful.  

The results from the image analysis show that for the selected bench there is a significant 
correlation between registered penetration rate and monitored rock fragmentation. The correlation 
is not visible for smaller fractions while for the largest fraction the differences are big. It is also 
important to note that the registered differences are monitored after the primary crusher and that it 
is reasonable to assume that the differences are larger in the blasted rock mass.   

This study shows that it should be possible to proactively use both MWD data (input data) and 
image analysis (control and feedback data) to achieve a more uniform fragmentation by adapting 
an individual hole charging and blast design. The model in figure 7.1 shows how the actions in 
each round of blasting can be performed: 

 

1- Analysis of MWD data 
2- Blasting design 
3- Controlling the result of the blasting by image analysis 
4- Improving the system and blast design for next round 

 
 

 
 

Figure 7.1 Proposed PDCA cycle for blasting. 
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8. RECOMMENDATIONS AND FURTHER 
RESEARCH 

The result in this study should be verified for more benches and larger areas of the open pit. 

Development of a method and software for linking the image analysis with the loading data to 
automat the interpretation process used in this report. 

Development of a methodology for a more uniform fragmentation by optimizing the blasting 
design using MWD data integration. 

During this study of MWD data, a lot of missing data was founded. Therefore control and 
optimization of data transmission is recommended.  

Drill rig number 19 shows a very different value of torque than drill rig number 17, meantime it is 
not recording vibration. System check for the drill rig number 19 and calibration of the system for 
all drill rigs is recommended. 

Further studies on the interpretation of the MWD data and system calibration is recommended to 
enable the MWD system to providing more detailed information of strength, lithology and 
structural geology.  
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