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ABSTRACT

In open pit mining, it is important to know as much information as possible about rock masses 
to be mined for more cost-effective mining operation. In rock engineering perspective, 
information about rock mass characteristics usually includes hardness of the rock, geological 
features, fractures, faults, ore contacts, water bearing stratum. The information about large 
scale rock mass characterisation is still based on traditional methods such as widely spaced 
core drillings, geological mapping of exposed walls, analysis of drill cutting, etc but these 
methods involve uncertainty about rock mass characteristics in uncored areas. In addition, 
they are expensive and time consuming. The need for more inexpensive methods providing 
high resolution rock mass characterisation over large mining areas is therefore a priority for 
future mining industry. Measurement While Drilling (MWD) is a well-established drill 
monitoring technique which provides information about the rock mass in each production 
hole. This technique is inexpensive and also ensures high resolution information. By using 
this technique, drill parameters such as penetration rate, feed force, rotation speed, rotation 
torque and air pressure are recorded during production drilling which can be used to 
characterise the penetrated rock mass. However, recorded parameters are not only influenced 
by the variation of rock mass characteristics; they are also affected by the operators, rig 
control system interventions, bit wear and measurement errors. In order to use this large 
amount of data on recorded parameters for the purpose of rock mass characterisation, it is 
necessary to improve our existing understanding about the contribution of all the influencing 
factors and to develop the techniques for identifying and minimising the effect of those 
factors on rock mass characterisation.

The focus of this thesis is to evaluate Measurement While Drilling (MWD) system as a tool 
for large scale rock mass characterisation in rotary blast hole drilling. In this thesis, research 
methods mainly include literature review, data collection, processing, integration, and 
analysis. The data have been collected from one of the operating open pit mines in Sweden. 
Multivariate analysis has been performed to assess the wear of the bit.

This thesis presents an attempt to evaluate recorded penetration rate and calculated specific 
energy for rock mass characterisation. Penetration rate is considered as resistance to crushing 
of the rock while the calculated specific energy is taken as an index of the mechanical 
efficiency of a rock working process. The analysis shows that horizontal maps of penetration 
rate and specific energy (hole average) value reflects the variation of rock mass characteristics 
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in a bench. The areas in the bench which have comparatively higher penetration rate and 
lower specific energy reflect possible interaction between the bit and soft or weak rock or 
heavily jointed rock. In contrast some areas in the bench have a relatively lower penetration 
rate and higher specific energy, indicating possible interaction between the bit and hard rock. 
In addition, using penetration rate and specific energy values between two subsequent 
benches indicate similar boundaries among the penetrated zones. When plotting specific 
energy against penetration rate in each bench, a clear inverse non-linear relationship has been 
found between those parameters. This correlation indicates that penetration rate and specific 
energy can indicate rock mass behaviour. Further, statistical analysis is done to observe the 
statistical significance of penetration rate and specific energy values among the different 
penetrated areas in the bench. The results indicate that penetration rate and specific energy 
can be used for characterizing large scale rock masses. In addition, information about the rock 
mass in the upper bench can possibly be used in the next bench to improve production 
planning.

However, hole by hole analysis shows penetration rate and specific energy are influenced by 
bit wear, hole depth variables, flushing system, operator influence, drill control system, etc. 
Principal Component Analysis (PCA) shows that penetration rate and specific energy 
reflecting the change of rock mass characteristics basically are not correlated to bit life length. 
The bit life length seems instead to be well correlated to the operational parameters such as 
rotation torque, rotation speed and to a minor extent feed force. Conclusions from PCA 
analysis must be conservative since the explanation rate for the first two components is 
limited to 56.5%. 

Further, the analysis shows that recorded penetration rate has a negative trend with the 
increasing hole depth. The calculated specific energy has a positive trend with the increasing 
hole depth. This means that recorded parameters are influenced by hole depth variables.

The flushing system also influences recorded parameters. The analysis shows that constant air 
pressure from the collaring point to the end does not give a clear indication of better flushing 
system as frequent joints and regular water ingression usually cause fluctuation of pressure. 

Some of the above mentioned problems can be handled to minimise the effect of influencing 
factors on recorded parameters. The direct effect of bit wear and hole depth dependency can 
be minimised by generating a horizontal map of recorded data (e.g. penetration rate) over a
large area in the bench. Hole depth dependency on recorded parameters can also be 
neutralised by performing normalisation based on a regression line using simple geometry. In 
short, the effect of influencing factors on the recorded parameters obtained by using the 
Measurement While Drilling technique can be minimised and, this technique, in turn, can 
become a useful tool for large scale rock mass characterisation.

Keywords: Open pit mining, Rotary blast hole drilling, Rock fragmentation by drilling, Rock mass 
characterisation, Measurement While Drilling (MWD), Specific energy, Principal Component 
Analysis (PCA), Drill performance monitoring
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1 INTRODUCTION

1.1 BACKGROUND

To ensure better production planning and minimise production cost in open pit mining, a
detailed description of the rock mass to be mined, is essential. Rock mass characteristics such 
as hardness of the rock, geological features, fractures, faults, ore contacts, water bearing 
stratum etc., will all influence the mining process to a greater or lesser extent. For example, 
the amount of explosives, coupling ratio, detonation heat and charge length can be adjusted 
based on rock mass characteristics to minimise blasting cost and improve fragmentation. 
Improved fragmentation will in turn, improve both loading and hauling, leading to a reduction 
in mass moving costs. Today, rock mass information is normally based on widely spaced core 
drillings, geological mapping of exposed walls, analysis of drill cutting etc. These methods 
are time consuming, expensive and often provide only a rough idea of the characteristics of 
the overall rock mass. The need for more inexpensive methods providing high resolution rock 
mass characterisation over large mining areas is, therefore, a priority in the mining industry.

One such rock mass characterisation method is drill monitoring or Measurement While 
Drilling (MWD) where drill parameters such as penetration rate, feed force, rotation speed, 
rotation torque and air pressure are recorded during production drilling and used to 
characterise the penetrated rock mass. Since data can be recorded for each production hole the 
resolution of information is very high. Measurement While Drilling (MWD) is a well-
established technique to provide information about rock masses. The technique has been used 
for many years in different drilling technique. One of the earliest applications was in 1911, 
when Schlumberger used drill monitoring technique for oil drilling to provide sub surface 
information on the penetrated ground. In tunnelling, it is commonly used to provide detailed 
information about the rock mass ahead of the face, (Schunnesson et al., 2011). In surface 
mining the technique has been used for rotary blast hole drilling since the 1970s (Segui and 
Higgins, 2002), (Peck, 1989), (Turtola, 2001). 

Even through the MWD technique is commonly available on modern drill rigs, there is still a 
general problem of extracting useful information from the monitored data, as the raw MWD 
data are influenced not only by geo-mechanical variations in the rock mass, but also by 
operators, the control system of the rig, the bit wear, etc. In addition, the raw data contain 
measurement errors that must be identified and removed before analysis. To use MWD data to 
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predict rock mass conditions, it is necessary to separate the responses originating from the 
rock mass, from responses to other influences. 

To reduce obstacles to the application of MWD, this thesis addresses some major limitations 
related to the drill control system, parameter variations and bit wear. The research will 
improve the basic understanding of the application, challenges and limitation of using MWD 
data for rock mass characterisation. The analysis is based on data from an operating surface 
mine in northern Sweden.

1.2 STATEMENT OF THE PROBLEM

Today, a large amount of recorded data from drilling monitoring systems is easily accessible. 
The use of the recorded data for rock mass characterisation is however limited, as the 
recorded data reflect a mixture of influences from variations of rock mass characteristics, 
operators influence, rig control system interventions, bit wear and measurement errors. To use 
these data for rock mass characterisation, it is necessary to separate the effect caused by 
variations in rock mass characteristics, from other influencing factors. To do this it is 
important to understand the contributions of all influencing factors and to develop techniques 
for identifying factors and minimising the effect of those factors.

1.3 OBJECTIVES

The main objective of the research is to improve the understanding of drill monitoring data 
from rotary drilling and the influencing factors that limit the use of MWD data for rock mass 
characterisation. The research aims to fulfil the following objectives:

To evaluate how recorded data from drill monitoring of rotary drilling, can be used for 
rock mass characterisation

To identify data analysis limitations in drill monitoring system for rotary drills.

To analyse and suggest data analysis methodology for rock mass characterisation based on 
drill monitoring data.

1.4 RESEARCH QUESTIONS

To reach the objectives, the following research questions have been formulated:

RQ 1 How can recorded data from rotary blast hole drilling be used for rock mass 
characterisation?

RQ 2 What are the influencing factors that limit the use of recorded MWD data for rock 
mass characterisation? 

RQ 3 How can the effect of factors influencing rock mass characterisation be minimised to 
improve the quality of the predictions of rock mass properties?
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1.5 RESEARCH SCOPE AND LIMITATION

The scope of the research includes the ability to use drill monitoring data, from rotary drilling
process, for rock mass characterisation, and the factors influencing the overall applicability of 
the MWD technique. Solutions to minimise those influencing factors are also within the scope 
of the research.

In the thesis, geological features are not considered separately. Moreover, the effect of 
maintenance on drilling performance or drillability is beyond the scope of this research.

1.6 RESEARCH STRUCTURE

The thesis comprises six chapters with three appended papers. The thesis includes an 
introduction to the research, research goals, theoretical background, research method, data 
analysis, result, discussion, conclusion and future work. Table 1 shows the coherence between 
research questions and appended papers. The first research question is answered in Paper A. 
The second research question is answered in Paper B and Paper C. The third research question 
is relevant to Paper A and Paper B.

Table 1 Relationship between appended papers and research questions (RQ)

Papers A B C
RQ-1 X
RQ-2 X X
RQ-3 X X

In the first paper the geo-mechanical responses, defined by penetration rates and specific 
energy, are calculated and presented for subsequent benches in an open pit mine. 

The second paper presents hole length related data trends and discusses the implications for 
rock mass characterisation based on specific energy.

The third paper describes and discusses bit wear effects on drill monitoring data and the 
general operational condition causing bit wear.

Figure 1 presents the frame work of the licentiate thesis. The thesis encompasses three papers
with quantitative analysis in all three. The summary of all papers is the basis of the licentiate 
thesis.
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Figure 1 Research framework
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2 THEORETICAL FRAMEWORK

2.1 PRODUCTION CYCLE IN SURFACE MINING

In open pit mining, the production cycle often includes unit operations and auxiliary 
operations. Unit operations are the basic steps to produce mineral from deposit and auxiliary 
operations support them. The basic production cycle comprises these unit operations:

Production cycle=drill+ blast+ load+ haul

In open pit mining, auxiliary operations include those providing slope stability, pumping, 
power supply, maintenance, waste disposal and supply of material to the production centres
(Hartman and Mutmansky, 2002).

In order to minimise production cost, it is important to optimise each step of the operation. 
Efficient drilling operation with successful blasting can significantly reduce loading and 
hauling cost and, thus, optimise the overall production cycle.

2.2 PRINCIPLE OF ROTARY DRILLING

According to Teale (1965), rotary drilling can be considered as a combination of two distinct 
actions: (1) indentation, by which the cutting edges of the bit are continuously pushed into the 
rock to give a bite, (2) cutting, by which the bit is given a lateral movement to break out 
fragments of the rock.

When the work is done by a thrust, the action is called ‘Indentation’. ‘Cutting’ refers to the 
work done by rotational torque. The work done is formulated by equation 1 (Teale, 1965):

Total work done per unit time = Work done per unit time by axial thrust + Work done per unit     
time by  rotational torque

= (F)(u) + (T)( N) in lb/in (1)

where F = Thrust (lb), u = Penetration rate (in/min), T = Torque (lb-in), N = Rotation speed 
(rpm)
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In rotary drilling, rotation is provided by a hydraulic or electric motor-driven gear box, called 
a rotary head. The rotary head moves up and down in the drill tower, with a feed system 
generating the pull down force required to give sufficient weight on the bit (i.e. Thrust). 
Weight on bit includes pull down force (generated by the feed system) and dead weight such 
as the rotary head, drill rods and cables. Compressed air is generally used to clean the cuttings 
via the annular space between the wall of the hole and the drill rods (Atlas Copco, 2012). 
Figure 2 shows the principle of the rotary drilling method. 

Figure 2 Rotary drilling method (edited after Atlas Copco, 2012)

2.3 MEASUREMENT WHILE DRILLING (MWD)

In many open pit mines, the nature and the properties of the rock mass and/or the ore body 
change considerably over short distances (Turtola, 2001). The information today about the 
rock mass is usually gathered from core-drilling but conventional core drilling results in a
high degree of uncertainty for uncored areas (Schunnesson, 1997). The shortage of 
information in uncored areas can significantly be upgraded by using a drill monitoring system 
assembled in production drilling rig. This system records data during drilling and is called 
Measurement While Drilling (MWD).

In the Petroleum and Mining industry, Measurement While Drilling (MWD) has been used to 
retrieve geo-mechanical information (Segui and Higgins, 2002; Turtola, 2001). This 
information is further used to facilitate blast design, for example, to determine explosive 
charging after the holes have been drilled (Segui and Higgins, 2002).  This information can 
help operators to make decisions about how to adjust geometric parameters (burden, spacing, 
bench height, borehole diameter etc.) and energy distribution parameters (such as explosive 
properties and charging operation including detonation heat, density of explosives, coupling 
ratio, charge lengths, ignition time etc.) to match the variations of local geologic information
(Turtola, 2001).Thus the MWD system ensures desired fragmentation (smith, 2002). Drill 
monitoring data can also provide information about bench geology and structure influencing 
blastability; this helps in modifications of blast design in time, affecting production and 
mineral processing (Yin and Liu, 2001). According to Segui and Higgins (2002), drill 
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performance data have a potential to predict the through-put in comminution process. In 
tunnelling, Rock Quality Designation (RQD) has been predicted by using drill monitoring 
data rather than the more common optical, mechanical and geophysical method (Schunnesson, 
1996). Turtola (2001) explained the interpretation of geology by using MWD data in Aitik 
Mine, Sweden. In addition, rotary drill performance parameters can be related with rock 
compressive and shear strength and the possibility of estimating rock strength properties 
(Peck, 1989). In underground construction, the drill monitoring technique is used to detect 
cracks, identify weak zones, find water bearing rock and requirements of rock reinforcement 
(Turtola, 2001). In addition, an extensive overview on MWD technique and its scope in 
Excavation Industry has been performed by Rai et al., (2015). They mentioned that MWD 
technique was successful in yielding useful information on roof conditions, ore body 
delineation, verifying coal-rock interface, rock mapping, detection of hard and weak zones, 
blasting design etc.

There are two types of drill performance parameters in MWD system, independent and 
dependent parameters. Independent parameters are influenced by the operator, while 
dependent parameters reflect the changes in geo-mechanical properties of the rock mass 
(Peck, 1989). Table 2 shows description of the parameters and units.

The concept of drillability was proposed by using drill parameters to classify rock mass and 
the idea of excavability was introduced to get the relation between destruction work and 
specific consumption of explosive using drilling rate (Thuro, 1997). Drillability index has 
been used to predict penetration rate from rock mass characteristics (Kahraman et al., 2000). 
Finally, in rotary drilling, Teale (1965) defined specific energy by correlating drill 
performance parameters.

2.4 THE CONCEPT OF SPECIFIC ENERGY

According to Teale (1965), rotary drilling consists of two actions; Indentation and Cutting. 
Indentation means the bit is pushed continuously into the rock. Cutting occurs when the bit is 
given a lateral movement to fragment the rock.

Specific energy is defined as the energy required to break one unit volume of rock. It is a 
measure of the amount of work done per unit of volume. In rotary drilling, specific energy 
consists of two parts: (1) work done by the axial feed force; (2) work done by the rotational 
torque. It is formulated by equation 2, (Teale, 1965):

Specific energy = +  in lb/in (2)

where F = Feed force (lb), A = Cross-sectional area of the drill hole (in2), N = Rotation speed 
(rpm), T = Torque (lb-in), and u = Penetration rate (in/min)

In addition to the advantages of being able to describe the rock mass properties with a defined 
physical measure, the calculation of specific energy also normalises monitored data so that 
variations in feed force and rotation speed, influenced by the operator, the drilling process or 
drill control system, will not affect the specific energy value. Therefore, it is argued that the 
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specific energy value represents the conditions of the true rock mass and will not be affected 
by the conditions and operation of the drill system.

Table 2 MWD parameters (Peck, 1989)

Types Parameters Definition Units

Independent

Depth

It is necessary to record the MWD data 
with respect to depth along the borehole 
and hence better prediction about the 
alteration of geo-mechanical properties of 
the rock mass along the depth 
(Schunnesson and Mozaffari, 2009).

m

Time

Monitored data should be recorded with 
specific dates and times to allow the 
productivity evaluation (Schunnesson and 
Mozaffari, 2009).

yyyy-mm-
dd

hh:mm:ss

Feed force

Feed force influences penetration rate. The 
drilling rate increases as the feed force 
increases up to the limit where the bit is 
stalled in the rock material and cannot 
complete penetration (Teale, 1965; Segui 
and Higgins, 2002).

N

Rotation speed
It is defined as the number of rotation per 
minute.

rpm

Air pressure
Air pressure is used to remove cuttings 
from the borehole.

bar

Dependent

Penetration 
rate

It is the rate of penetrating of the drill bit 
through the rock mass and is influenced by 
geo-mechanical properties of the rock 
mass (Schunnesson and Kristoffersson, 
2009).

m /min

Torque

Torque is the force multiplied by the 
radius to maintain the required rotation. It 
depends on rock type, weight on the bit 
and the bit design (Peck, 1989).

N-m

Vibration
There is significant vibration of the drill 
rig during drilling through the rock mass 
(Schunnesson and Kristoffersson, 2009).

N-m/s
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Based on measurements made on an actual drilling machine, however, Teale (1965) showed 
specific energy can reach high values at low thrust. This does not follow the proposed 
equation. A minimum amount of feed force has to be used to overcome friction between bit
and rock surface; thus the bit will penetrate the rock after doing a finite amount of work.

Because of the friction, the total amount of work will decrease. Meanwhile as the feed 
increases, the size of the fragments increases. Combining those effects, specific energy 
increases while feed force decreases and, thus, specific energy becomes infinite at zero feed
force (Teale, 1965).

Again, according to Teale (1965), the work done by feed force is negligible compared to that 
done by rotation. In an experiment for Pennant Sandstone and Darley Dale Sandstone using a 
tri-cone roller bit. Rotation speed was kept constant while the correlation was made between 
feed force and rotary component of specific energy. In this correlation, the rotary component 
of specific energy decreases with the increase of feed force. After that, the minimum specific 
energy was compared to the crushing strength of those samples. In this experiment, the curve 
drawn between torque and penetration per revolution for rotary drilling followed a straight 
line through the origin. Specific energy was assumed constant over a wide range of work 
where torque and penetration per revolution followed straight line. In addition, minimum 
specific energy was considered to be the order of the quoted compressive strength of the 
material drilled. Finally, excess specific energy was considered as the degree of wear 
(scuffing action) of the bit (Teale, 1965). Further, specific surface energy in rotary rock 
drilling was introduced by Liu and Karen (2001). They defined it as the energy required for 
creating a new surface of unit area. For the same rock type, the specific surface energy will 
only depend on its crystalline structure. As, it is only material related and can be considered 
as a rock property, they took it as a rock drillability indicator and specified the following 
relationship (equation 3) between specific energy and specific surface energy (Liu and Karen, 
2001):

 E A = E = +   N/m (3)

where, Ea = Specific surface energy (N/m), As = Specific surface area (m2/m3), Ev = Specific 
energy (N/m2), F=Pull down force (N), Ae = Excavation area (m2), N = Rotation speed (rps), 
T = Torque (N-m), u = Penetration rate (m/s), and Vvib= Total vibration (N-m/s)

The first term of equation (3) is the pull down component of the work done in rotary drilling. 
It represents mean compressive pressure exerted by the pull down over the cross-section of 
the hole. The second term represents the rotary component and has a dimension of stress. The 
third term represents the contribution from vibration which is normally neglected due to its 
small magnitude as compared to the first two terms. Therefore, the equation 3 can be rewritten 
as follows (equation 4): 

                                        E = F + N/m (4)
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Specific energy and vibration were used to describe the rock mass for a real drilling operation 
at the Earnest Henry gold and copper mine in Queensland, Australia, (Smith, 2002). The 
study showed that specific energy and vibration are inversely proportional. This conclusion 
was based on field data and should further be tested using laboratory equipment which can 
consider a higher sampling rate with better sensitivity and fewer outside influences (Smith,
2002). 

Specific energy has been used as a local drillability index to characterise the rock mass at a 
specific site (Peck, 1989). In another case, it proved helpful in identifying the boundaries 
between different rock formations (Izquierdo and Chiang, 2004). In addition, Rai et al., 
(2015) concluded in his extensive literature review that specific energy during drilling has 
been well correlated with changing rock behaviour. In many instances, the concept of specific 
energy for rock characterisation appears to be reasonable if it is desired to learn the relative 
strength values.

One important argument for the use of specific energy is that it is independent of the drill 
system, even though Teale (1965) has pointed out some specific conditions that are not 
completely explained by the formula. One parameter not included in Teale (1965) and Liu and 
Karen’s formula (2001) is the drill depth. Schunnesson (1998) showed that not only 
penetration rate but also feed force and rotary torque have a significant trend versus hole 
depth for percussive drilling. He also indicated the impact of flushing, where increasing hole 
depth will affect the hole cleaning efficiency. Even if the percussive drilling and rotary 
drilling are significantly different, the flushing efficiency is equally important in both cases.

2.5 FACTORS AFFECTING DRILLABILITY

According to Lui and Karen (2001), the term drillability describes the degree of ease and 
economy at which a rock mass can be drilled. Higher drillability usually reflects greater 
drilling rate with less bit wear and longer bit life. There are two objectives in improving a 
drilling process: (1) to increase the rate of penetration while reducing bit wear and prolonging 
bit life, (2) to increase the mechanical efficiency and to reduce the energy required by 
choosing appropriate operating conditions such as rotation speed, torque and pull down force. 
According to Thuro (1997), drillability reflects the influence of a number of parameters on the
drilling rate and tool wear of the drilling rig. It is affected by geological parameters, 
mechanical properties of the rock mass, type of drilling rig, bit type, machine parameters, and, 
operation and maintenance of the rig, as described in Figure 3.

The important factors affecting the drilling performance (i.e. drillability) are rock factor on a 
macro-scale (rock structure and geological formation), rock factor on a micro-scale (rock 
strength and abrasiveness properties), and operating conditions (Lui and Karen, 2001).In 
addition, the performance of drilling can be affected by the wear of the bit.  Drilling rate (i.e. 
penetration rate) can be gradually reduced by the continuous deterioration of the bit (Figure 
4a) or more rapidly reduced by complete damage of the bit (Figure 4b). According to Jimeno 
et al., (1995), penetration rate can be reduced by 50 to 75% compared to the new tricone bit 
due to the wear of the bit. This can be a useful guide for the operators when to change the bit 
(Atlas Copco, 2012).
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Figure 3 Factors affecting ‘Drillability’ (Thuro, 1997)

Figure 4 Modes of wear (a) partial wear of the teeth, and (b) complete deterioration of teeth 
(Atlas Copco, 2012).

According to the definition of drillability, economical drilling operation requires a high 
drilling rate over a long life length of the bit. Operating cost per unit length of the hole usually 
includes two parts: (1) operating cost component, C1; and, (2) bit cost component, C2 (Atlas 
Copco, 2011f).  According to Hustrulid et al., (2013), bit life and penetration rate depend on 
the operational parameters such as pull down force and rotary speed. When pull down force 
and rotary speed increases, operating cost component normally decreases, but when those 
parameters increase, bit life can sometimes be reduced increasing the cost of the bits. If an 
optimum set of parameters and an economical bit type can be identified, the result is an 
overall minimum cost per length drilled.
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3 RESEARCH METHODOLOGY

Kothari (2004) explains research is an art of scientific investigation. Research methodology is 
a way to systematically solve the research problem. It may be understood as a science of 
studying how research is done scientifically. Research methods refer to the methods that the 
researchers use in performing research operations. Inductive approach of research 
methodology starts with the observations and theories are formulated towards the end of the 
research and as a result of observations (Goddard and Melville, 2004). In contrast, a deductive 
approach is concerned with developing a hypothesis (or hypotheses) based on existing theory, 
and then designing a research strategy to test the hypothesis (Wilson, 2014). According to Yin 
(2013), research based on case study must have some empirical method and present some 
empirical (qualitative or quantitative) data. Quantitative research involves the generation of 
data in quantitative form which can be subjected to rigorous quantitative analysis in a formal 
and rigid fashion whereas qualitative research is concerned with subjective assessment of 
utilities, opinions and behaviour (Kothari, 2004).

This thesis performs quantitative research (Deductive approach). The research method 
includes the following:

Literature review

Data collection and data processing 

Data analysis
Frequency analysis
Statistical method
Multivariate analysis

3.1 LITERATURE REVIEW

The literature review encompasses the following:

Production cycle in surface mining

Principle of rotary drilling

Measurement While Drilling

Concept of specific energy
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Factors affecting drillability

3.2 DATA COLLECTION, PROCESSING AND ANALYSIS

3.2.1 Data collection and processing

The data were collected, processed and analysed from four rotary blast hole drilling rigs in an 
open pit mine in Sweden. Figure 5 shows various steps of data processing from the collection 
of data to the creation of knowledge. Figure 6 illustrates how the data integration process 
inter-relates the various research questions. A large amount of Measurement While Drilling 
(MWD) data were collected and saved in an XML (Extensible Markup Language) file format. 
There are two types of XML files: ‘Data Quality (DQ)’ files contain coordinate data (in this 
case, collar and bottom of the borehole) with one plan ID and several hole IDs; and, ‘MWD 
(MW)’ files include recorded data such as depth, time, feed force, rotation speed, rotation 
torque and penetration rate with one plan ID and one hole ID. The MWD data were retrieved 
at 0.1 m (approximate) intervals of the borehole.  In research question 1, both Data Quality 
(DQ) and MWD (MW) files were considered. Programs were designed to correlate the 
information so that recorded parameters can be assigned to the coordinates of specific 
borehole with unique plan ID and unique hole ID. Only MWD files were used for research 
question 2 and 3. Again Programs were designed to analyse the data for these research 
questions. In all the research questions, raw data were analysed from 4 m (greater than or 
equal to) to the bottom of the borehole, as the first 4 m of a borehole is considered to be 
effected by the bottom charge of the blasting from the previous bench.

3.2.2 Data analysis 

To answer research questions 1 and 3 (Paper A), average feed force, average rotation speed, 
average rotation torque, average penetration rate and average specific energy were determined 
along the borehole. Feed force, rotation speed, rotation torque were filtered (before averaging) 
corresponding to a penetration rate greater than 0 to 2 m/min. 

To answer research question 2 (Paper C), life length of the rotary tricone bit was evaluated 
using all the recorded parameters. When the bit is worn during drilling, the penetration rates 
gradually decreases (Jimeno et al., 1995). To assess this, the recorded penetration rate values 
were plotted for consecutive time values, see Figure 7.

As seen in this Figure 7, penetration rates progressively drop down and rise up again. This 
characteristic saw-tooth pattern shows the production degradation for each bit; the sharp 
changes in penetration rate show when an old bit is replaced with a new one. The gradient of 
the decreasing trend of the penetration rates (m-value; y = mx + c) over the life length of the 
bit is defined as the production degradation rate (i.e. production degradation coefficient); this 
shows the speed at which the penetration rate decreases with increasing service life of the bit. 
By using this type of analysis the production degradation profile of the bit can be studied, 
including initial penetration rate, production degradation coefficients, life length and final 
penetration rate preceding change of bits.  A total of 52 bits with different production 
performance were distinctly identified and collected. In this case the production performance 
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was defined by bit life length (m) and penetration rate (m/min). A simple arithmetic average 
could not been used to compare penetration rate for different bits with sometimes very 
different life length, as it  would be strongly correlated to the bit life length. A declining trend 
for penetration rate with increasing life length would result in a low average penetration rate 
for bits with long life length. It means that bits with same production degradation rate

Figure 5 Various steps of data processing
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Figure 6
Process of data integration for different research questions
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Figure 7 Sharp changes indicate bit change

Figure 8 Penetration rate dependencies on drilled length

For example, in Figure 8, bit A has a life length of 705.6 m, while bit B has a life length of 
1172.4 m. The arithmetic averages of penetration rate for bit A and bit B are 0.55 m/min and 
0.47 m/min respectively. Bit A and bit B both follow the same degradation rate. The 
calculated peak penetration rate values for bit A and bit B are 0.63 m/min and 0.58 m/min 
respectively. Due to the greater drilling length of the bit B, the difference between the peak 
values (0.63-0.58= 0.05) are less than if the arithmetic average penetration rates (0.55-
0.468=0.08) are used. In this case, performances of Bit A and bit B are closer when peak 
penetration rates are taken into account. Peak penetration rates (i.e. initial penetration rate) 
are, therefore, used to compare the performance of the bits in this thesis.

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.58

 Bit A
 Bit B

A
v
e

ra
g

e
 p

e
n

e
tr

a
ti
o

n
 r

a
te

 (
m

/m
in

)

Drilled length of the bit (m)

Trend line for bit A
Trend line for bit B0.63

0 20 40 60 80 100 120 140 160 180
0

0.2

0.4

0.6

0.8

1

1.2

803.708 m864.296 m 1077.353 m

Bit-3Bit-2Bit-1

Number of the samples (boreholes) sorted by time

A
ve

ra
ge

pe
ne

tra
tio

n 
ra

te
 (m

/m
in

)



18

In Paper B, to answer research questions 2 and 3, the trends of the filtered data on feed force, 
rotation speed, rotation torque, penetration rate and specific energy were analysed. Frequency 
analysis was performed to observe the ranges of recorded data of different parameters as 
shown in Figure 9 (a-e). The ranges of the raw data are listed in Table 3. Empirical 
distribution and practical experience were used to filter the raw data. In the first filter 
criterion, the empirical distribution was determined to set the limit of the raw data of different 
parameters. The used limits correspond to 99.99% empirical distribution function for the 
operational parameters feed force, rotation speed, rotation torque and air pressure. At that 
specified limit, feed force ranges between 0 and 730 kN (i.e. >0 and <=730), rotation speed 
varies between 0 and 93 rpm (i.e. >0 and <=93), rotation torque limits from 0 to 56 kN-m (i.e. 
>0 and <=56) and air pressure ranges between 0 and 7.8 bar (i.e. >0 and <=7.8), as mentioned 
in Table 3. In the second filter criterion, penetration rate was limited from 0 to 2 m/min (i.e. 
>0 and <=2), based on practical experience; this corresponds to 97.24% empirical distribution 
function as presented in same Table 3.  Raw data were filtered in such a way that data sets not 
satisfying all filter conditions were considered incorrect and omitted from analysis.

3.2.2.1 Multivariate analysis

According to Johnson (1998), multivariate data result whenever a researcher measures or 
evaluates more than one attribute or characteristic of each experimental unit. These attributes 
or characteristics are usually called variables by statisticians. Multivariate methods are 
extremely useful for helping researchers make sense of large, complicated and complex data 
sets that consists of many variables measured on large numbers of experimental units. The
method used to do Multivariate analysis is called Multivariate method. The common 
Multivariate methods are Principal Component Analysis (PCA), Factor Analysis, 
Discriminant Analysis, Canonical Discriminant Analysis, Logistic Regression, Cluster 
Analysis, Multivariate Analysis of Variance etc. Multivariate analysis is applied in 
Agriculture, Anthropology, Archaeology, Biometrics, Economics, Education,
Experimentation, Industry, Medicine, Metrology, Physics, and Sociology (Kendall, 1975).  

Principal Component Analysis (PCA) normally forms the basis for multivariate data analysis, 
and is often used to simplify data tables, for outlier detection, variables and object selection, 
correlation evaluation, classification and predictions of different features (Wold et al., 1987). 
The aim of PCA is to find directions in the data space that will indicate typical features. 
Unless the swarm of data points is spherical (for a 3 dimensional space), it is usually possible 
to identify a dominant direction of the data and with regression fit a line to the points 
(Schunnesson, 1997). this research used PCA to determine outliers and to evaluate all the 
influencing parameters on service length of the bit, as life length of the bit is not only affected 
by the rock mass characteristics but also by other independent operational parameters directly 
controlled by the operators or the drill control system.
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Figure 9a Frequency of measured feed force 
(kN)

Figure 9b Frequency of measured rotation speed 
(rpm)

Figure 9c Frequency of measured rotation torque 
(kN-m)

Figure 9d Frequency of measured air pressure 
(bar)

Figure 9e Frequency of measured penetration rate (m/min)
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Table 3 Selection of intervals for filtering raw data

3.3 CASE STUDY

3.3.1 Overview

In this thesis, all the recorded data have been collected from Aitik Mine. Aitik is the largest 
open pit mine in Europe located in the northern part of Sweden. The mine is owned and 
operated by the Swedish Mining Company Boliden Mineral AB. It is situated about 60 km 
north of the Arctic Circle and 20 km away from the municipality of Gällivare. In 2014, the 
overall production of crude ore was about 39.09 million tons. The Mine produced 67.692 kilo 
tons of copper, 54.854 tons of silver and 1.767 tons of Gold (Boliden website, 2015). The 
average grade in the proven reserve of the ore (762 million tons estimated in 2013-12-31) 
contains 0.22 percent copper, 0.15 g/t gold and 1.6 g/t silver (Boliden website, 2014). The 
length and width of the ore body are about 3000 m and 1000 m respectively (Sammelin et al., 
2011). The main pit has two parts: northern and southern. The planned final depth is 460 m in 
the southern zone and 630 m in the northern zone, while the current mining depth is about 430 
m in the deepest part. The mineralisation continues below the final depth, but is presently not 
economical to extract. Figure 10 shows the location of the Aitik mine.

Figure 10 Geographical location of Aitik mine

Recorded parameters Ranges of the  measured 
parameters in raw data 

Selected intervals of the 
measured parameters based on 

filter criteria
Feed force (kN) 0-980 >0 and <=730

Rotation speed (rpm) 0-95 >0 and <=93
Rotation torque (kN-m) 0-57 >0 and <=56
Penetration rate (m/min) 0-20 >0 and <=2

Air pressure (bar) 0-8 >0 and <=7.8
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3.3.2 Geology

The area of Aitik mainly consists of metamorphosed plutonic, volcanic and sedimentary 
rocks. The average strike and dip of the ore body is about N20oW and 45o to the west 
respectively. It is located along the Kiruna-Ladoga shear zone, a major structure extending 
from Lake Ladoga in Russia to Kiruna in Sweden. Table 4 represents the different types of 
rock in the hanging wall, ore zone and foot wall in the mine.

Table 4 Major rock types in the mine (Sjöberg, 1999)
Hanging wall Ore zone Foot wall

Amphibole gneiss

Muscovite schist
Pegmatite

Biotite schist
Biotite gneiss

Biotite gneiss with amphibole

Diorite
Biotite gneiss

Biotite gneiss with amphibole

3.3.3 Drilling system

Four Atlas Copco Pit Viper (PV-351) rotary blast hole rigs are used to drill the production 
boreholes. The Atlas Copco Drill Monitoring System has been used to retrieve Measurement 
While Drilling (MWD) data. Tricone (TCI- Tungsten Carbide Insert) bits are used.  The 
tricone rock bit works through indentation and cutting. The drill string includes a rotary 
coupling that transmits the rotary torque to the drill string underneath (Turtola, 2001).

The diameter of the production borehole is 12 ¼ inch (311 mm). The average bench height is 
15 m and the sub drilling is around 2 m. The burden and spacing of the production holes are 
about 7 m and 9 m respectively (Beyglou, 2012).The recorded data includes time (YYYY-
MM-DDThh:mm:ss), depth (m), feed force (kN), rotation speed (rpm), penetration rate 
(m/min), rotation torque (kN-m) , and air pressure (bar).  The data were retrieved at 0.1 m 
(approximately) intervals along the borehole. The data have been analysed from 4 m to the 
bottom of the borehole, as the first 4 m of the borehole is considered to be affected by the 
bottom charge of the blasting of the previous bench. 
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4 RESULTS AND DISCUSSION

4.1 ROCK MASS CHARACTERISATION

4.1.1 Penetration rate and Specific energy

To answer research questions 1 and 3, an attempt was taken to use specific energy and 
penetration rate to characterise the relatively large scale rock mass for subsequent benches at 
level 55-60 m and at level 75-80 m in the same horizontal coordinate. Benches are divided 
into four zones based on average penetration rate of the boreholes, as shown in Figure 11. At 
level 55-60 m (to the top of the Figure 11), zone-1 stretches almost 450 m. Average 
penetration rate in that zone varies between 0.2 m/min and 0.5 m/min. Zone-2 stretches about 
100 m and average penetration rate has increased from 0.4 m/min to 0.9 m/min. In zone-3, 
average penetration rate decreases to values in the range of 0.2 m/min to 0.5 m/min. However, 
in zone-4, average penetration rate has again increased to values in the range of 0.7 m/min to 
1.1 m/min. The Figure shows the first and third zones have comparatively lower average 
penetration rate than other zones. Hence, there may be comparatively hard rock interaction in 
zone-1 and zone-3 that can be delineated to the relatively softer zone-2 and zone-4. At level 
75-80 m (to the bottom of the Figure 11), similar values of average penetration rates are 
observed in the same horizontal coordinate.  In zone-1, the average penetration rate ranges 
between 0.2 m/min and 0.7 m/min but increases to the values in the range of 0.3 m /min to 0.9 
m/min in zone-2. The value of the average penetration rate varies from 0.3 m/min to 0.6 
m/min in zone-3. It alters from 0.7 m/min to 1.3 m/min in zone-4. The obvious similarities 
between the benches give a clear indication that the information from the upper bench can be 
used for planning purposes for the benches below. However, penetration rate is influenced 
mainly by the wear of the bit in the tested area. As the type of the bit is same (practical 
experience) as well as bit quality and overall operators influence (adjusting feed force, 
rotation speed and air pressure) in a particular area of the mine (ore or waste) are considered
similar (reasonable assumption based on practical experience), the overall wear rate of the bit 
can mainly be related to the rock-mass characteristics meaning that comparatively the zone of  
hard rock causes overall higher wear rate and lower penetration rate; on the other hand the 
zone of  relatively soft rock causes overall lower wear rate and higher penetration rate. In 
Figure 11, the overall penetration rate in zone-1 is less than that of zone -2 because of 
different wear rate in those zones; this ensures better reflection of rock mass characteristics 
provided the effect of other factors (mentioned above) on penetration rate is minimal. The 
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calculated parameter average specific energy takes all the influential effects of the 
independent and dependent parameters into account, and would, therefore, provide a less 
disturbed description of the rock mass. Figure 12 represents a horizontal contour of the 
average specific energy between the consecutive levels at 55-60 m (to the top) and at 75-80 m 
(to the bottom) in the same horizontal coordinates.  

Figure 11 Horizontal contour of average penetration rate at 55-60 m (To the top) and average 
penetration rate at 75-80 m level (To the bottom)

Figure 12 Horizontal contour of average specific energy at 55-60 m level (To the top) and 
average specific energy at 75-80 m level (To the bottom)
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Benches are divided into four zones based on average specific energy. At level 55-60 m, 
average specific energy varies between 30x107 N-m/m3 and 55 x107 N-m/m3 in zone-1.
However, zone-2 shows the successive change of the value of specific energy. Zone-2 mainly 
consists of two similar bands with average specific energy ranging from 15x107 N-m/m3 to 35 
x107 N-m/m3 and from 35x107 N-m/m3 to 55 x107 N-m/m3 respectively. In zone-3, the average 
values of specific energy are found in the same range as in zone-1. In zone-4, they alter 
mostly between 15x107 N-m/m3 and 35 x107 N-m/m3 like one of the bands in zone-2. At level 
75-80 m, the ranges of average specific energy in zone-1, zone-2, zone-3 and zone-4 are 
approximately coincidental with the range of average specific energy in four zones at level 
55-60 m, accordingly. Moreover, specific energy (hole by hole) is usually influenced by the 
wear of the bit. The calculated specific energy may be overestimated due to the effect of 
wearing of the bit. However, when we consider different zones in a particular area (ore or 
waste zone) with the same bit type and similar overall operator influence (a reasonable 
assumption according to practical experience) , wear of the bit can mainly influenced by the 
change of rock mass characteristics.

Thus, specific energy can be different in different zones due to the different degree of wear; 
and again, in this perspective, specific energy may reflect the overall variation of rock mass 
characteristics by considering the minimal influence from other factors, such as the type of 
bit, quality of the bit, operator influence and so on.

4.1.2 Relationship between specific energy and penetration rate

Specific energy is significantly affected by penetration rate, and the independent variables. In 
Figure 13a and Figure 13b, average specific energy is plotted against average penetration rate 
for both upper (at 55-60 m level) and lower (75-80 m level) benches. At level 55-60 m, the 
values of average specific energy mostly vary between 30 x107 N-m/m3 and 50 x107 N-m/m3

Figure 13a: Average specific energy vs.         
Average penetration rate (at 55-60 m level)

Figure 13b: Average specific energy vs. 
Average penetration rate (at 75-80 m level)
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and the values of average penetration rate predominantly range from 0.3 m/min to 0.7 m/min.
At level 75-80 m, average specific energy alters between 20 x107 N-m/m3 and 60 x107 N-
m/m3 and the average penetration rate mostly varies between 0.25 m/min and 1.0 m/min. 
However, there are clear negative correlations between those parameters in both benches.

4.1.3 Statistical two-Sample t-Test

Even though there are similarities and differences in penetration rate and specific energy 
between the zones at levels 55-60 m and 75-80 m, there is no evidence whether the responses 
are from the same or different geological material. Figure 14 presents a box plot to observe 
the percentiles of the average penetration rates data and their outliers in different zones at 
level 55-60 m. Table 5 shows the results of this box-plot. The average penetration rates were 
0.37 m/min, 0.46 m/min, 0.4 m/min and 0.51 m/min corresponding to the 25th percentile for 
zone-1, zone-2, zone-3 and zone-4 respectively. At the 50th percentile, average penetration 
rates are 0.45 m/min, 0.53 m/min, 0.45 m/min and 0.64 m/min for zones 1, 2, 3, and 4 
respectively. However, average penetration rates are 0.55 m/min, 0.63 m/min, 0.51 m/min and 
0.9 m/min correspondingly at the 75th percentile. The number of the boreholes for this 
statistical analysis is 703, 316, 152 and 96 for the four zones respectively.

In Table 5, two sample t-tests (with level of significance =0.05) are performed for average 
penetration rates data among the different zones (i.e. samples).  The hypothesis of this test is 
that the mean of average penetration rates in two different samples is same. Table 5 shows the 
hypothesis is accepted for zone-1 and zone-3 but fails for other comparable zones. It implies
that the mean of the average penetration rates in zone-1 and zone-3 is the same, with a 
confidence interval 95%.

Figure 14 Percentiles for average penetration rates in box plot
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Figure 15 presents the percentiles of average specific energy data and their outliers in various 
zones at level 55-60 m. At the same level, Table 6 shows different values of average specific 
energy in different zones corresponding to 25th, 50th and 75th percentiles. According to the 50th

percentile, the values are 38.75 x107 N-m/m3, 33.07 x107 N-m/m3, 38.65 x107 N-m/m3 and 
27.34 x107 N-m/m3 in zone-1, zone-2, zone-3, and zone-4, respectively. The values 
corresponding to the 75th percentiles are 45.48 x107 N-m/m3, 39.89 x107 N-m/m3, 45.74 x107

N-m/m3 and 36.18 x107 N-m/m3 in the four zones respectively. The total number of samples
(boreholes) considered for this analysis are 703, 316, 152 and 96 for subsequent zones.

Table 5 Percentile values of average penetration rates for different zones

Figure 15 Percentiles for average specific energy in box plot
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Average penetration rate (m/min) P-value ; 95% confidence interval; (Two- Sample t-Test)

Percentiles Zone-1 Zone-2 Zone-3 Zone-4
Zone-1 and 

Zone-3
Zone-2 and

Zone-4

Zone-1,
Zone-3 and 

Zone-2

Zone-1,
Zone-3 and 

Zone-4

25
th 0.37 0.46 0.40 0.51

0.110 
(>0.05)

Fail to reject 
hypothesis

~0 (<0.05)
Reject 

hypothesis

~0 (<0.05)
Reject 

hypothesis

~0 (<0.05)
Reject 

hypothesis

50
th 0.45 0.53 0.45 0.64

75
th 0.55 0.63 0.51 0.90

Total no. of 
samples

703 316 152 96
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In Table 6, two sample t-test (with level of significance =0.05) has been conducted for 
average specific energy data among the different samples (i.e. zones).  The test hypothesis is 
the mean of average specific energy in two different samples is the same. Table 6 shows that 
the hypothesis is not rejected for zone-1 and zone-3 but is rejected for other comparable 
zones. This may confirm the resemblance and diversity of the rock mass behaviour across the 
zones.

Table 6 Percentile values of average specific energy for different zones

4.2 EFFECT OF BIT WEAR 

The effect of bit wear on the recorded data is a major obstacle for rock mass characterisation. 
This section explains the influence of bit wear on recorded data. Research question 2 is partly 
answered here. For closer look to hole by hole wear of the bit and asses the life length of the 
bit by using recorded data, initially a statistical analysis was conducted for the bit life length, 
initial penetration rate and the production degradation rate, presented in Figure 16. The bit 
life, varying between 300 m up to over 1400 m, follows a normal distribution with a mean of 
782 m and a standard deviation of 278 m. The 85% confidence interval for bit life reaches 
from 394 m to 1203 m as shown in Figure 16a. From a practical engineering point of view,
the values within the 85% confidence interval are, in this case, considered to be normal 
drilling conditions while data outside the interval are considered outliers and subjected to 
further analysis.

The initial penetration rate (i.e. peak penetration rate) in Figure 16b, varying from 0.4 m/min 
up to over 1.2 m/min (approximately), follows a lognormal distribution with a mean of 0.66 
m/min and a standard deviation of 0.14 m/min. The 85% confidence interval for penetration 
rate reaches from 0.49 m/min to 0.92 m/min. The production degradation coefficient data in 
Figure 16c also follows lognormal distribution with a mean of 0.0003375 m/min/m and a 
standard deviation of 0.0002275 m/min/m. The 85% confidence interval for degradation rate 
reaches from 0.000109 m/min/m to 0.000792 m/min/m.

Average specific energy (x 10
7

N-m/m
3
)

P-value ; 95% confidence interval; (Two 
Sample t-Test)

Percentiles Zone-1 Zone-2 Zone-3 Zone-4
Zone-1 and

Zone-3

Zone-2
and

Zone-4

Zone-1,
Zone-3 and 

Zone-2

Zone-1,
Zone-3 and 

Zone-4

25
th 33.58 29.57 34.50 22.73

0.752
(>0.05)

Fail to reject 
hypothesis

~0 (<0.05)
Reject 

hypothesis

~0 (<0.05)
Reject 

hypothesis

~0 (<0.05)
Reject 

hypothesis

50
th 38.75 33.07 38.65 27.34

75
th 45.48 39.89 45.74 36.18

Total no. of 
samples

703 316 152 96
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Figure 17 presents the peak penetration rate versus the bit life for all bits in the study, 
including the 85% confidence interval defined above. The large variation in penetration rate 
may depend on overall variation in rock strength in the mine, as seen Paper A. However, if 
this were the case, we would expect the data to show a positive trend. Drilling in a hard, 
difficult rock mass would result in lower penetration rate with high wear causing short life 
length. Weak rock mass would lead to a higher penetration rate with comparatively less wear 
resulting in longer life length. But this behaviour is not supported by the data shown in Figure 
17. In addition to rock mass characteristics, the bit life length depends on, operational 
parameters, type of bit, bit quality (manufacturing quality, mal functions etc.). The operational 
parameters are, in this case, registered in the MWD system.

Figure 16a Histogram with the probability 
density function (normal 
distribution) for the bit life 
length.

Figure 16b Histogram with the probability 
density function (lognormal 
distribution) for the initial 
penetration rate.

Figure 16c Histogram with the probability density function (lognormal distribution) for the
production degradation coefficient
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The rock mass characteristics are also indicated by the penetration rate and through the 
calculated parameter specific energy (Paper A). However, any variations in bit type and bit 
quality and have not been known by the authors (before this analysis have been done).

Looking at the production degradation rate (closely related with wear rate) versus bit life 
length in Figure 18, we see a clear negative non-linear trend. The higher the production 
degradation rate, the shorter the bit life and vice versa. However, this non-linear relationship 
still has similarity with the rock mass behaviour in most cases, suggesting that hard rock 
causes higher wear rate (production degradation rate) and shorter bit life while soft or weak 
rock causes lower wear rate and longer life length. 

Figure 17 Average penetration rates vs. Bit life

Figure 18 Production degradation coefficients vs. Bit life
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As mentioned earlier the penetration rate at the end of the bit life can be reduced as much as 
50 to 75% compared to rate achieved by a new tricone bit (Jimeno et al., 1995). Therefore, 
penetration rate (i.e. drilling rate) can be a useful guide for operators when to change the bit 
(Atlas Copco, 2012). To see if this is useful, the penetration rate for the final hole of each bit 
is shown in Figure 19. Despite the large variation in initial penetration rate and bit life length, 
seen in Figure 17 it would be expected that the final penetration rate would have a more 
uniform behaviour. 

Yet Figure 19 shows the final penetration rate still varies significantly. This may indicate the 
penetration rate alone is not the most important factor in deciding when to change bit. Further 
field studies are required to fully understand the reasoning behind the decision to change the 
bit.

To understand how penetration rate decreases over the drilling length (i.e. production 
degradation profile) and its influencing parameters for different bits, a detailed analysis was 
done for 4 selected bits, case 1 to case 4, as shown in Figure 17. Case-1 is a bit with initial 
high penetration rate (1.23 m/min) but with high production degradation coefficient 
(0.0016474687 m/min/m) and consequently, low bit life length (394.214 m); Figure 20a 
illustrates this case. Case-2, shown in Figure 20b, is a bit with comparatively low degradation 
coefficient (0.0003917643 m/min/m), low penetration rate (0.5 m/min) and a short life length 
(613.75 m).

Figure 19 Penetration rate for the final hole of each bit in the study

This average penetration rate is close to (not exactly) the lower end of the boundary drawn for 
assumed normal drilling conditions, as shown in, Figure 17. Case-3, illustrated in Figure 20c,
is a bit with high penetration rate (0.922 m/min), relatively low degradation coefficient 
(0.0003147121 m/min/m) and long life length (1421.74 m).  Therefore, case-3 bit is beyond 
the first standard deviation for bit life length while the penetration rate is on the upper level of 
the assumed normal drilling conditions (refer back to Figure 17). Case-4, shown in Figure
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20d, is a bit with very low degradation coefficient (0.0000994570 m/min/m), relatively low 
penetration rate (0.65 m/min) and, consequently long life length (1131.81 m). Case-4 bit is 
within the normal behaviour described in Figures 16a, 16b and 17.

Figure 20a Production degradation profile for
Case-1

Figure 20b Production degradation profile for 
Case-2

Figure 20c Production degradation profile for 
Case-3

Figure 20d Production degradation profile for 
Case-4

Principal Component Analysis (PCA) provides an overview of the situation. PCA normally 
forms the basis for multivariate data analysis, and is often used for simplification of data 
tables, outlier detection, variables and object selection, correlation evaluation, classification 
and predictions of different features (Wold et al. 1987). Figure 21 presents the score plot of 
the first and second principal component, for all bits in the study. The plane generated by the 
two components explains 56.5% of the total variation among all included parameters.

Figure 21 clearly show that case-1 is an outlier and significantly different from the other bits 
in the study. The production degradation profile for this case, presented in Figure 20a, shows
a very short life length (394.21 m) and a very high average penetration rate (1.23 m/min). To 
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identify the reason for the abnormal behaviour, the operational parameters (independent and 
dependent) have been studied which show that the case-1 bit is subjected to very low feed 
force and higher rotation speed than normal. However, the registered very high penetration 
rate, shown in Figure 17, may indicate some unique rock mass properties. To ensure it did not 
influence the analysis, case-1 this bit was removed from the data set. In Figure 22a and Figure 
22b, the score and loading plot of the first and second principal component, are presented 
respectively for all bits in the study without considering case-1. The plane generated by the 
two components explains 56.5% of the total variation among all included parameters.

Figure 21 Score plot of the first and second principal component for all bits in the study

Figure 22a Score plot of the first and second principal component for all bits, except case-1, 
in the study
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Figure 22b Loading plot of the first and second principal component for all bits, except case-
1, in the study

In Figure 22a, case-2, case-3 and case-4 are located in different positions reflecting different 
interactions between machine and rock mass. The loading plot in Figure 22b indicates the 
overall relations among the registered parameters. The relationship between penetration rate 
and specific energy that crosses the diagonal is related to the rock mass characteristics. In this 
case high penetration rate and low specific energy indicates low rock strength and the reverse
implies high rock strength. 

The almost perpendicular relationship between bit life length and drill parameters rotation 
speed, rotation torque and to some extent feed force indicates that the bit life length, in 
general, is much more dependent on operational parameters than on the rock mass 
characteristics.

The negative correlation between penetration rate and air pressure, seen in Figure 22b is not 
expected. Higher penetration rate generates larger volumes of cutting which demands a highly
efficient hole cleaning/flushing system. Normally this results in a lower volume of flow and 
higher pressure, but this positive relationship between penetration rate and air pressures 
cannot be seen here. It is difficult to draw any clear conclusions, but one possible explanation 
of the negative relationship is the greater water content more frequently found in hard brittle 
rock (comparatively less penetration rate) than in soft ductile rock. In this case, hard rock 
(with less penetration rate) combined with high water content can cause comparatively low 
volume of flow and high pressure.

As for the overall production degradation over the life length of all the tested bits, Figure 23
indicates a characteristic pattern of production degradation profile by combining the life 
history of 52 bits. Penetration rate decreases with the increase of the life length. This systemic 
degradation of production is most likely related to bit wear and may not reflect the actual 
strength of the rock mass. The fluctuation of penetration rate after 1000 m life length of the 
bit occurs because fewer drill bits drill after that length.
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Figure 23 Characteristic pattern of overall production degradation profile

4.3 HOLE DEPTH DEPENDENCY AND FLUSHING SYSTEM 

This section partially answers research question-2 and research question 3. It explains hole 
depth dependency of the recorded data using trend analysis. It also focuses on the efficiency 
of the flushing system. Together hole depth dependency and flushing system are factors that 
limits the recorded data for rock mass characterisation. To answer those questions, average 
specific energy is calculated from each interval of the depth (from 4 m down to 18 m) for a 
large set of boreholes. Based on the data analysis, average feed force reasonably increases 
with the depth as depicted in Figure 24a. It ranges between 360 kN and 415 kN from the 4 
meter of the borehole down to 18 m depth. Average rotation speed and average rotation 
torque were apparently constant at about 74 rpm and 25 kN-m with the depth as shown in 
Figure 24b and Figure 24c respectively. In addition, air pressure does not vary significantly 
and is practically the same at about 4 bars along the depth as presented in Figure 24d. As 
Figure 24e shows average penetration rate decreases along the depth of the penetrated zones. 
It varies from about 0.5 m/min to 0.65 m/min. However the calculated parameter, average 
specific energy significantly increases along the depth from about 29 x107 N-m/m3 to about 42 
x107 N-m/m3, as shown in Figure 24f.
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Figure 24(a) feed force (kN) versus depth Figure 24(b) rotation speed (rpm) versus depth

Figure 24(c) rotation torque (kN-m) versus depth Figure 24(d) air pressure (bar) versus depth

Figure 24(e) penetration rate (m/min) versus depth Figure 24(f) specific energy (N-m/m3) versus depth
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The monitored drilling data display systematic variations over hole depth. Specifically, the 
feed force increases with increasing hole depth while the penetration rate decreases. 
According to equation (2) (Teale, 1965), both increasing feed force and decreasing 
penetration rate will result in higher specific energy, as shown in Figure 24f. The other 
monitored parameters, rotation speed, rotation torque and air pressure do not show any 
systematic variation with drill depth. According to Teale (1965), specific energy is defined as 
the work/volume ratio and is treated as mechanical efficiency for the study of rock working 
processes. This means that for a specific drill set-up the specific energy describes the rock 
mass characteristics. In the tested mine there are no geo-mechanical rock mass variations 
versus hole depth that could explain the recorded trends. Instead it is more likely that it is the 
drill system and operational behaviour and drill control cause the recorded data trends.

The drill control system is not known for the case study mine; however it is not unlikely that 
the drill control will respond to the decreasing penetration rate with an increasing feed force 
to try to restore the drill productivity. The reason for the decreasing penetration rate is not 
obvious but may be related to the flushing conditions. The monitored flushing parameter, air 
pressure (bar) is constant versus hole depth, as seen in Figure 24d.

Even if the air pressure is low (4 bars) the air volume capacity of the used rigs, is large, and 
this would secure efficient hole cleaning capacity. In this case, however, only the air pressure 
is monitored, not the air flow, and this reduces the possibility of analysing the hole cleaning 
efficiency. Only knowing the air pressure also limits knowledge of the flushing efficiency at 
the bit position of the drill string as the hole gradually gets deeper. With constant air pressure,
there is a significant difference in flushing efficiency between the collaring points where the 
annulus area outside the drill string has limited depth and those of an 18 m long annulus area 
where air and cuttings are mixed and additional pressure drops caused by water inflow 
regularly occurs. This means even if the recorded air pressure is constant the cleaning 
efficiency at the bit position may deteriorate as the hole gets longer. Additionally this will
reduce penetration rate and increase the specific energy. As seen in Figure 24 the hole depth 
dependent trends, will significantly influence the usefulness of specific energy defined by 
Teale (1965). With an identical geomechanical material, seen in the case study mine, the 
specific energy still drops to 45% between the collaring point and the end point at 18m. 

In order to use specific energy as a measure of rock mass characteristics, the problems noted 
here must be minimised or handled in the analysis phase. One way of neutralising the effects 
is to use hole averages to generate horizontal maps. Paper A shows in an attempt to 
characterise larger areas of an open pit. However it is important to note that this calculated 
specific energy over-estimates the actual specific energy and is affected by bit wear. Another 
way to treat the data is to modify the penetration rate value in equation (2) with a 
compensated penetration rate value based on the regression line in Figure 24e. A more direct 
solution is to modify the flushing system/control to achieve a more constant hole cleaning 
efficiency. This is a challenge to implement but all mining companies and equipment supplier 
are working to improve drilling efficiency.
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5 CONCLUSIONS AND RESEARCH CONTRIBUTIONS

After defining problem statement, scope and limitation, extensive data analyses have been 
performed for specific mine site. Following conclusions and contributions have been reached 
based on the data analyses and results.

5.1 CONCLUSIONS

RQ 1 How can recorded data from rotary blast hole drilling be used for rock mass 
characterisation?

Rock mass behaviour: The recorded penetration rate and the calculated specific energy 
(calculated from cross-sectional area of the borehole and recorded data such as feed force, 
rotation speed, rotation torque, penetration rate) can be used to characterise rock masses in 
a bench. As explained in Figure 11 and Figure 12, there are zones with different and 
similar ranges of penetration rates and specific energy, respectively, which may reflect the 
variation of rock mass behaviour. The zones with a relatively lower penetration rate and 
higher specific energy represent possible hard rock. Meanwhile, the zones with a
comparatively higher penetration rate and lower specific energy reflect possible soft rock
or weak zones. In other words, characteristic patterns along the bench found by using 
penetration rate and specific energy can indicate overall variation in rock mass 
characteristics. Further, when penetration rate and specific energy are used to compare the 
overall changes of rock mass behaviour between two subsequent benches (in same 
horizontal coordinate), we find similar boundaries of the penetrated zones in both 
benches. This means information about the rock mass in the upper bench can possibly be 
used in the next bench to improve production planning.

Penetration rate and specific energy correlation: In two subsequent benches, the study 
finds an inverse correlation between penetration rate and specific energy. The recorded
penetration rate can be considered as resistance to the crushing of the rock while 
calculated specific energy may be taken as an index of the mechanical efficiency of a rock 
working process. In most cases, the interaction of the bit with hard rock causes a relatively 
lower penetration rate and higher specific energy, and the interaction of the bit with soft or 
weak rock or heavily jointed rock causes a comparatively higher penetration rate and 
lower specific energy. This correlation, thus, strongly supports penetration rate and 
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specific energy as indicators of variations in rock mass characteristics. However the 
correlation is not linear which may depend on inclusion of the independent parameters in 
the calculation of specific energy.

Statistical analysis (Two Sample t-Test): Statistical analysis has been performed based on 
the hypothesis that the mean of penetration rate and specific energy in a zone is equal to 
the mean of penetration rate and specific energy in another zone. The results show
statistical significance in penetration rate and specific energy among the different 
penetrated zones, and may, thus, indicate overall changes in rock mass behaviour.

RQ 2 What are the influencing factors that limit the use of recorded data for rock mass 
characterisation?

The analysis shows recorded data are influenced by bit wear, hole depth and flushing 
efficiency; this limits their use for rock mass characterisation.

The effect of bit wear: The characteristic saw-tooth pattern shows the effect of bit wear 
and the sharp changes in penetration rate represent replacement of old bits. Meanwhile,
Principal Component Analysis (PCA) shows penetration rate and specific energy 
reflecting change in rock mass characteristics basically are not correlated to bit life length. 
Instead, the bit life length seems well correlated to operational parameters such as rotation 
torque, rotation speed and to a minor extent feed force. However, conclusions from PCA
analysis must be conservative as the explanation rate for the first two components is
limited to 56.5%.

Hole depth dependency: Some of the recorded parameters show a linear trend with 
increasing hole depth which may not reflect variations in rock-mass characteristics. A
30% decrease in penetration rate was recorded from collaring point down to 18 m depth. 
Further, the influence of hole depth on penetration rate has a significant impact on the 
calculated specific energy. In this case a 45% increase in specific energy was recorded 
from the collaring point down to 18 m depth.

Flushing system: With constant air pressure, the overall hole cleaning efficiency may 
deteriorate with increasing hole depth. Penetration rate can decrease as the hole gets 
deeper due to an improper flushing system. Therefore, inadequate flushing efficiency 
may be one reason to find a negative trend in the penetration rate with increasing hole 
depth. As the effect of the penetration rate is significant to calculate specific energy, this 
negative trend can further influence on the trend (positive) of specific energy with 
increasing hole depth. 

RQ 3 How can the effect of factors influencing rock mass characterisation be minimised to 
improve the quality of the predictions of rock mass properties?

The effect of bit wear on recorded data cannot be neglected.  Although the wearing of the 
bit is uncontrollable everywhere, a horizontal map of penetration rate and specific energy 
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in a bench shows the possible changes in rock mass characteristics by minimising the 
direct effect of wear. 

The effect of hole depth dependency can be minimised by using hole average or 
normalization based on depth trends. For example, in this case, the hole average of 
recorded data (e.g. penetration rate) was used to generate a horizontal map which 
neutralised the effect of depth on the recorded data. In addition normalisation based on 
depth trends can be done by using rules of simple geometry (properties of similar 
triangles).

The influence of hole cleaning efficiency on recorded parameters can be reduced by 
improving the flushing system. For example, higher penetration rate generates larger 
volumes of cutting which demands a highly efficient hole cleaning/flushing system. 
Normally this results in a lower volume of flow and higher pressure. In addition, cuttings 
with high water content demand high pressure with low volume of flow. Frequent joints 
normally cause low air pressure and high volume of air. These phenomena influence 
recorded data. Therefore, it is necessary to achieve better hole cleaning efficiency to 
minimise the effect of the flushing system on recorded data.

5.2 RESEARCH CONTRIBUTIONS

Followings are main contributions of this thesis:

Evaluation of recorded parameters by using Measurement While Drilling (MWD) 
technique for large scale rock mass characterisation

Identifying factors limiting MWD technique as a tool for large scale rock mass 
characterisation

Possible ways to minimise the effect of influencing factors on large scale rock mass 
characterisation
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6 FUTURE WORKS  

Optimum set of operational parameters: Total Drilling Cost (TDC) consists of bit cost and 
operating cost. Operating cost is often more than the bit cost. When feed force and 
rotation speed increase, drill operating cost decreases and bit cost increases. Besides this, 
when feed force and rotation speed decrease, drill operating cost increases and bit cost 
decreases. In addition, present study shows that hole cleaning efficiency may deteriorate 
with increasing hole depth and may influence on negative trend of penetration rate and 
further may increase total amount of energy required for rock destruction. Optimum set of 
operational parameters can provide an overall minimum cost per length drilled. Therefore, 
operational parameters can possibly be optimised in order to minimise the production cost.

Assessment of economic life length of the bit: Economic life length of the bit can be 
assessed by considering all operational parameters provided by the drill monitoring 
system. 

Human factors on drillability: The influence of human factors on different phases of 
machine service life (e.g. production, maintenance) can be studied further to improve the 
drillability of the rock mass. Hence, it can improve the understanding about the complex 
interaction among those factors.

Linking information with other sub-systems in production: The geo-mechanical 
information gathered during drilling (by drill monitoring system) can be linked to other 
sub-systems in production. The sub-systems are mainly blast design, through-put 
prediction in downstream process, selection of reinforcement in underground and so on.
Thus, it can optimise overall production cost.
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Abstract. In the mining industry, rock mass characterization is necessary for both 
short term and long term production planning, but it is a challenge to get detailed 
information on the geo-mechanical properties of rock mass. Measurement While 
Drilling (MWD) is a well-established technique to retrieve data on the mechanical 
response of the rock mass in penetrated horizons. With this data the mining 
process could be improved regarding drilling cycle time, blast design, loading, 
hauling, crushing energy and grinding energy for present and underlying benches. 
This paper presents an attempt to characterize the rock mass in Boliden Minerals 
Aitik Mine, the largest open pit copper mine of Europe, located in the Northern 
part of Sweden. Penetration rate and specific energy are used to describe how 
subsequent benches (upper and lower) are inter-related. The behavior of Specific 
Energy and Penetration Rate is further evaluated and analyzed. 

Keywords: Rock Mass Evaluation, Measurement While Drilling (MWD), 
Penetration Rate, Specific Energy, Production Planning. 

1 Introduction 

Open pit mining is generally done for near-surface deposits or when a lower 
stripping ratio is ensured at greater depth. Rock mass characterization yields 
information about the conditions of the rock mass, including the type of rock, geo-
mechanical properties, average ore grade, ore boundary and so on. This 
information is required in short and long term planning, optimisation of 
fragmentation, and equipment planning in order to achieve cost effective 
production. 

It is challenging to plan production and even more challenging to implement 
plans, but good planning ensures a sustainable mining operation. Short term 
planning is for shorter periods, including for the next work shift, while long term 
planning can stretch to the end of a mine’s life time. Not surprisingly, then, short 
term planning will have a higher resolution rate than long term planning.   

The open pit mine’s unit operations are controlled and affected by planning. 
Unit operations include drilling, blasting, loading and hauling [1]. If planning is 
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not well understood and conducted, it will negatively affect the production cycle. 
Rock characterisation with Measurement While Drilling (MWD) characterises the 
mechanical behaviour of the rock mass and is an important input in production 
planning. 

This paper uses MWD parameters, specifically penetration rate, and calculated 
parameters based on MWD data, namely, specific energy, to predict the rock mass 
variation in two adjacent benches in Salmijärvi pit in Aitik. The levels of the two 
benches are 55-60 m and 75-80 m, with a common area between the levels.  

2 Aitik Mine 

2.1 Overview 

Aitik mine is located about 60 km north of the Arctic Circle in Northern Sweden, 
20 km outside the municipality of Gällivare. The mine is owned and operated by 
the Swedish mining company Boliden Minerals AB. The mine has a low grade 
mineralisation with about 0.28 percent copper, 0.2 gm of gold/tonne and 2 gm of 
silver/tonne. The production of the mine is about 36 Mt of porphyry copper ore 
[2]. The stripping ratio is about 1:1 [6].The length and width of the ore body are 
2500 m and 500 m respectively, and the depth is 300 m. The main pit has a 
southern and a northern section. The ore in the southern part extends to a depth of 
300 m. The northern part has a depth of more than 800 m [3]. Figure 1 shows the 
location of Aitik mine. 

 

Fig. 1 Map of Nordic Countries showing the location of the Aitik Mine [3]  
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2.2 Geology  

The area of Aitik mainly consists of metamorphosed plutonic, volcanic and 
sedimentary rocks. The average strike and dip of the ore body is about N20oW and 
45o to the west respectively. It is located along the Kiruna-Ladoga shear zone, a 
major structure extending from Lake Ladoga in Russia to Kiruna in Sweden [3]. 
Tab.1 shows the different types of rock in hanging wall, ore zone, and foot wall in 
the mine. 

Table 1 Major rock types in the mine [3] 

Hanging wall Ore zone Foot wall 

Amphibole gneiss 

Muscovite schist 
Pegmatite 

Biotite schist 
Biotite gneiss 

Biotite gneiss with 
amphibole 

Diorite 
Biotite gneiss 

Biotite gneiss with 
amphibole 

3 Drilling Equipment 

The main drilling fleet includes four Atlas Copco PV351 Pit Viper rotary blast 
hole rigs [7]. For the production holes Tricone bit is used. A Tricone rock bit 
works through indentation and cutting. The drill string consists of a rotary 
coupling element such as drill pipe, a stabilizer and a rotary tricone bit. The rotary 
coupling element transmits the rotary torque to the drill string underneath [4].  
The diameter of the borehole is 12 ¼” and length of the borehole varies between 
15 to 20 m. 

3.1 MWD Parameter 

There are two types of MWD parameters such as independent parameters and 
dependent parameters. Independent parameters are controlled by the operator 
while the dependent parameters show the response from the rock mass and the 
drill system. Tab.2 shows the used dependent and independent parameters [2]. 

Table 2 Parameters in the MWD system 

Independent Parameters Dependent Parameters 

Rotation Speed Penetration Rate 

Weight on Bit Torque 

Air Pressure Vibrations 
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3.2 Selected Rock Mass Characterisation Parameters 

For the present analysis, penetration rate and specific energy are considered. 
Penetration rate can be deemed as resistance to crushing of the rock. Specific 
energy may be taken as an index of the mechanical efficiency of a rock-working 
process [5]. It includes most of the parameters in MWD system and thus ensures 
overall mechanical effect of the rock. 

3.2.1 Penetration Rate 

The rate of penetration is the rate at which the bit advances through the rock and is 
influenced by the geological and geo mechanical properties of the rock mass [2]. 
The penetration rate normally increases in soft or fractured rocks and decrease in 
hard and solid rock [4]. Some uncertainties are involved when using penetration 
rate since it is affected by independent parameters such as rotation speed, weight 
on bit and air pressure. 

3.2.2 Specific Energy 

The specific energy is defined as the energy required to excavate one volume unit 
of rock and is expressed by the following equation [5]. 

Specific energy = energy due to the thrust + energy due to the rotation 

 N-m/m3 

Where F = Feed Force [N], A = cross-sectional area of the drill hole [m2], N = 
Rotation Speed [RPM], T = Torque [N-m], P = Penetration Rate [m/minute]   

3.3 Data Mining 

A large amount of data is sorted by creating robust program in MATLAB. 
Programs are made for accurate positioning of boreholes (collar and bottom 
coordinates) and corresponding MWD log data for the benches. Source files and 
target files were in .XML format. Source file contains information about MWD 
parameters for every borehole with plan ID and target file encompasses the data 
regarding coordinates of several boreholes with different holes ID. Algorithm has 
been made to retrieve data for specific borehole, see fig.2.  

3.4 Data Normalization 

Some parameters were kept within constant range such as rotation torque and 
penetration rate. Penetration rates are fixed from, greater than 0 to 1.5 m/min, 
since penetration rate values outside the range were considered unreasonable. In a 
similar way the rotation torques are limited from 15 to 40 kN-m. Values of  
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Fig. 2 Algorithm for data mining 

rotation torques greater than 40 kN-m were often suddenly fluctuated to higher 
value and then again drop down into the range between 15 and 40 kN-m. For that 
reason, these values are also considered not reliable. Since the first 4 m of the 
borehole is considered to be affected by bottom charge of the blasting of the 
previous bench, MWD parameters have been analysed from 4 m to the bottom of 
the hole. 

4 Results  

4.1 Geological Interpretation 

Based on result, the average penetration rate for two consecutive benches is 
presented in fig.3. The top part of the figure shows the variation of average 
penetration rate along the bench at 55-60 m level. Based on the penetration rate 
values the bench can be divided into four zones. In zone-1 that stretches almost 
500 m, the average penetration rate varies mostly from 0.2 to 0.5 m/min. In zone 2 
that stretches 100 m, the average penetration rate has increased between 0.4 and 
0.9 m/min. The average penetration rate again decreases to values in the range of 
0.2 to 0.5 m/min in the third zone, and in the fourth zone the average penetration 
rate again increased up to values in the range of 0.7 to 1.1 m/min. The figure 
shows that the first and third zone, that has comparatively harder rock, is clearly 
delineated to the softer zones 2 and 4. 
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In the bench below at 75-80 m level, similar values of average penetration rates 
was found, see fig. 3 (Bottom). The average penetration rate ranges from 0.2 to 
0.7 m/min in South-East direction in zone-1, while it varies from 0.3 to 0.9 m/min 
in zone-2. In zone 3 in North-West, it alters from 0.3 to 0.6 m/min and in zone 4 
from 0.7 to 1.3 m/min. The obvious similarities between the benches give a clear 
indication that the information from the upper bench can be used for planning 
purposes for benches below.  

 

Fig. 3 Horizontal contour of average penetration rate in 55-60 m (To the top) and average 
penetration rate in common area at 75-80 m level (To the bottom) 

The drawback with penetration rate is that it is influenced by the variation of 
the independent variables. Specific Energy on the other hand is a calculated value 
using all influencing parameters and would therefore provide a more undisturbed 
description of the rock mass. In fig.4 the specific energy is shown for the same 
benches as presented in fig.3. At level 50-60 m, average specific energy varies 
between 30x107 N-m/m3 and 55 x107 N-m/m3 in the South-East direction (Zone-
1). However, Zone-2 shows the successive change of the value of specific energy. 
Zone-2 mainly consists of two similar bands ranging the average specific energy 
from 15x107 N-m/m3 to 35 x107 N-m/m3 and from 35x107 N-m/m3 to 55 x107 N-
m/m3. In the third zone, the average values of specific energy are found in the 
same range as in zone-1. 

At the 75-80 m level, the ranges of average specific energy in Zone-1, Zone-2, 
and Zone-3 are found approximately coincidental with the range of average 
specific energy in three zones at the level 55-60 m, see fig.4 (Bottom). 
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Fig. 4 Horizontal contour of average specific energy (x 10^7 N-m/m3) at 55-60 m level (To 
the top) and average specific energy (x 10^7 N-m/m3) in common area at 75-80 m level (To 
the bottom) 

4.2 Relationship between Average Specific Energy and Average 
Penetration Rate 

The specific energy has a significant influence from penetration rate, but is also 
strongly influenced by the independent variables. Penetration rate on the other 
hand is also affected by influences from the drill system itself, which may be a 
problem. In fig.5 (a and b) the average specific energy versus the average 
penetration rate are presented for both benches 55-60 and 75-80. For the upper 
bench the average specific energy ranges mostly between 30 x107 N-m/m3 and 50 
x107 N-m/m3, and the average penetration rate varies approximately from 0.3 
m/min to 0.7 m/min. For the lower bench the average specific energy ranges 
mostly between 20 x107 N-m/m3 and 60 x107 N-m/m3, and the average 
penetration rate varies approximately from 0.25 m/min to 1.0 m/min. However 
there are clear non-linear correlations between the two parameters. 

4.3 Percentiles for Average Penetration Rate and Average 
Specific Energy at 55-60 m level 

The analysis based on fig.3 and 4 is only based on graphical identification of 
zones and boundaries. Even if there is a great resemblance for the identified zones 
between the two benches there is no evidence that they consists of different  
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Table 3 Percentile values of average penetration rates for different zones 

Average Penetration Rate (m/min) 

Percentiles Zone-1 Zone-2 Zone-3 Zone-4 

25th 0.37 0.46 0.40 0.51 

50th 0.45 0.53 0.45 0.64 

75th 0.55 0.63 0.51 0.90 

Total no. of samples 703 316 152 96 

 
Fig.7 and tab.4 represents statistical comparisons for average specific energy. 

The values of average specific energy corresponding to 25th percentile were 33.58 
x107 N-m/m3, 29.57 x107 N-m/m3, 34.5 x107 N-m/m3 and 22.73 x107 N-m/m3 for 
the Zone-1, Zone-2, Zone-3, and Zone-4 respectively, shown in tab.4. The 50th 
percentile values have been 38.75 x107 N-m/m3, 33.07 x107 N-m/m3, 38.65 x107 
N-m/m3 and 27.34 x107 N-m/m3accordingly. The values regarding 75th 
percentiles were 45.48 x107 N-m/m3, 39.89 x107 N-m/m3, 45.74 x107 N-m/m3 
and 36.18 x107 N-m/m3 correspondingly. Total number of the samples (boreholes) 
considered for this analysis were 703, 316, 152 and 96 for subsequent zones. 

 

 

Fig. 7 Percentiles for average specific energy in box plot 
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Table 4 Percentile values of average specific energy for different zones 

Average Specific Energy (x 10
7
 N-m/m

3
) 

Percentiles Zone-1 Zone-2 Zone-3 Zone-4 

25th 33.58 29.57 34.50 22.73 

50th 38.75 33.07 38.65 27.34 

75th 45.48 39.89 45.74 36.18 

Total no. of samples 703 316 152 96 

 
From the analysis Zone-4 proves to be significantly softer than the other zones. 

Zone 1 and Zone 3 have similar characteristics which were also seen in the 
graphical presentation of the benches. Finally Zone 2 is slightly softer than Zone 1 
and 3 but not as soft as the characteristics of Zone 4. 

5 Discussion 

This paper presents a pilot study to verify how average penetration rate and 
average specific energy could be inter-related between two successive benches. 
Geological interpretation, relationship between average penetration rate and 
average specific energy and further basic statistics gives good idea about 
geomechanical response of rock mass for present and underlying benches, which 
means that this information can be used for planning for lower benches. It also 
proves that MWD parameters have strong capacity to characterize the rock mass. 
Average rotation speed and average feed force are not normalized artificially since 
the effect of those independent parameters are minimized intrinsically meaning 
that when average feed force increases, average rotation speed has to be decreased 
in order to penetrate the rock mass and vice versa. Besides these, average 
penetration rate and average rotation torque are normalized manually since the 
values were found unreasonable in real perspective. The detailed impact and 
correlation to the geology are not considered partly due to the inadequate 
correlation between mechanical rock mass properties and geology.  

6 Conclusion 

From the study the followings could be concluded: 
 

1. It is possible to differentiate hard and soft rock throughout the bench using 
average penetration rate and average specific energy data. The higher the 
penetration rate, the lower the specific energy indicates relatively soft rock or 
weak zones and the lower penetration rate, the higher specific energy reveals 
comparatively hard rock. Average specific energy could also give us the 
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prediction regarding the design of bit (considering feed force) for the next 
benches if the similar types of rock could be proved by using MWD data.  

2. There is a clear inverse correlation between average penetration rate and 
average specific energy. However it is not linear which may depend on the 
inclusion of the independent parameters in the calculation of average specific 
energy. 

3. According to the basic statistics, the value of average penetration rate and 
average specific energy corresponding to 25th, 50th and 75th percentile in 
different zones at the level 55-60 m were closer and hence ensures better 
prediction of rock mass. 
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Abstract

In rotary drilling, specific energy is considered to be an important parameter for defining mechanical 
efficiency of the rock destruction process. Specific Energy is defined as the energy required to remove 
one unit of rock. Specific energy is the function of the size of the borehole and various operational 
parameters including feed force, rotation speed, rotation torque and penetration rate. The harder the 
material, the higher the specific energy. The traditional method to calculate the specific energy is 
based on the parameters penetration rate, feed force, torque and rotation speed, that can be provided by 
Measurement While Drilling (MWD) data from the drill process. In this study, MWD data from an 
open pit mine in Sweden are used to evaluate data trends among logged parameters and calculated 
average specific energy. The results show that there is a significant hole length dependency for 
penetration rate and feed force that affects the predicted specific energy. This may be explained by that 
the hole cleaning efficiency is reduced with increasing hole length. The analysis shows that the 
specific energy is over-estimated by 45% in the bottom of an 18 m hole compared to the collaring 
point. The suggested solution is to use hole average or complement the specific energy calculation 
with a hole length related component.

Keywords: Specific energy, Measurement While Drilling (MWD), Rotary drilling, Geo-mechanical 
response, Rock-destruction process  

1 Introduction 

Measurement While Drilling (MWD) is a drill monitoring technique providing information about the 
mechanical characteristics of the subsurface. In the mining industry, MWD is used for rock mass 
characterisation, short and long term planning, optimisation of fragmentation, equipment planning to 
achieve cost effective production (Ghosh et al., 2014). It is also important for through-put prediction 
of the comminution process (Segui and Higgins, 2002; Schunnesson and Mozaffari, 2009). In 
underground mining, MWD has been considered capable of providing ore grades and ore delineation 
for production planning (Schunnesson and Holme, 1997) with the potential for selecting rock support 
(Turtola, 2001).

Initially, Measurement While Drilling (MWD) was used in the petroleum industry; then in 1911, 
Schlumberger began electrical logging in the oil industry (Segui and Higgins, 2002). In the oil and gas 
industry, MWD has been used to determine the direction of the well path, the bottom hole temperature, 
pressure, drilling  dynamic parameters and, in some cases, gamma logging meanwhile Logging While 
Drilling (LWD) system can provide information about formation and formation fluid properties such 
as water, oil and gas (Rogtec website, 2013). In the 1970s, drill monitoring systems was introduced in 
open pit mining operations (Segui and Higgins, 2002). MWD has also been useful 
in tunnel construction (Schunnesson, 2011). During recent decades, the technology has been 
tremendously updated.



It has always been challenging to get detailed, high resolution information on the geo-mechanical 
properties of rock masses. For example, it is time consuming and expensive to use core sampling to 
fully understand the behaviour and details of a large rock mass. MWD can therefore be considered as a 
robust technique for detailed characterising of large rock masses provided that the raw data is treated 
properly and effective analysis is applied. Considerable research has been done in this area. For 
example, the MWD technique has been used for improving blast design and fragmentation (Smith, 
2002). Drill performance parameter can be related with rock compressive and shear strength and 
further, the possibility of estimating rock strength properties (Peck, 1989). In percussive drilling, 
monitored data have been used to evaluate the hardness, fracturing and weathering of the rock mass as 
well as localization of ore and rock type boundary (Schunnesson, 1998). Average penetration rate and 
average specific energy were used in order to characterise relative hardness of the rock mass along the 
bench and how it can be statistically similar along the bench was illustrated by Ghosh et al., 2014.

According to Thuro (1997), the concept of drillability was proposed to classify rock mass by drilling 
parameters and the idea of excavatability was also introduced to find the relationship between 
destruction work and the specific consumption of explosive by using drilling rate. In another study, 
drillability index was also used to predict penetration rate from rock mass characteristics (Kahraman et 
al., 2000). Teale (1965) defined specific energy by correlating drill performance parameters in rotary 
drilling. For percussive drilling, Rock Quality Designation (RQD) was also predicted in a tunnelling 
operation by using drill monitored data rather than more common optical, mechanical and geophysical 
methods (Schunnesson, 1996). Drilling monitoring data together with image analysis was used to get 
information required for the optimisation of blasting (Schunnesson and Mozaffari, 2009). Drill 
monitoring data can also provide information about bench geology and structure influencing 
blastability. This was used for modification of blast design in time and thus further affecting on 
production and mineral processing (Yin and Liu, 2001). Another example has been reported by 
Turtola, (2001) that used MWD data to interpret the geology in Aitik Mine, Sweden. 

In this paper, the concept of specific energy has been analysed based on real drilling data from Aitik 
Mine, Sweden.

2 Measurement While Drilling (MWD)

Two types of drilling parameter are normally measured during drilling: independent and dependent 
parameters. Independent parameters are controlled by the operator or by the drilling system itself 
while dependent parameters are the responses to the changes in the geo-mechanical properties of the 
rock mass (Peck, 1989). Table 1 shows the most commonly used parameters with their respective 
definitions and units.



Table 1: MWD parameters (Peck, 1989)

Types Parameters Definition Units

Independent

Depth

It is necessary to record the MWD data with 
respect to depth along the borehole and hence 
better prediction about the alteration of geo-
mechanical properties of the rock mass along 
the depth (Schunnesson and Mozaffari, 2009).

m

Time

Monitored data should be recorded with 
specific dates and times to allow the 
productivity evaluation (Schunnesson and 
Mozaffari, 2009).

yyyy-mm-dd
and

hh:mm:ss

Feed force

Feed force influences penetration rate. The 
drilling rate increases as the feed force 
increases up to the limit where the bit is 
stalled in the rock material and cannot 
complete penetration ( Teale, 1965; Segui and 
Higgins, 2002).

N

Rotation Speed It is defined as the number of rotation per 
minute. rpm

Air pressure This is used to remove cuttings from the 
borehole. bar

Dependent

Penetration rate

It is the rate of penetrating of the drill bit 
through the rock mass and is influenced by 
geo-mechanical response of the rock mass 
(Schunnesson and Kristoffersson, 2009).

m /min

Torque

This is the force multiplied by the radius to 
maintain the required rotation. It depends on 
rock type, weight on the bit and the bit design 
(Peck, 1989).

N-m

Vibration
There is significant vibration of the drill rig 
during drilling through the rock mass 
(Schunnesson and Kristoffersson, 2009).

N-m/s

3 The concept of specific energy

According to Teale (1965), rotary drilling consists of two actions; Indentation and Cutting. Indentation 
means the bit is pushed continuously into the rock. Cutting occurs when the bit is given a lateral 
movement to fragment the rock.

Specific energy is defined as the energy required to break one unit volume of rock. It is a measure of 
the amount of work done per unit of volume. In rotary drilling, specific energy consists of two parts: 
(1) work done by the axial feed force; (2) work done by the rotational torque. It is formulated by Teale 
(1965) in the following equation.



Specific energy = Specific energy due to the axial force + Specific energy due to the rotation 

= Work done per unit volume by feed force + Work done per unit volume by
rotation torque

  = +  in lb/in   (1)

where F = Feed force (lb), A = Cross-sectional area of the drill hole (in2), N = Rotation speed (rpm), T 
= Torque (lb-in), and P = Penetration rate (in/min)  

Despite the advantages of being able to describe the rock mass properties with a defined physical 
measure, the calculation of specific energy also normalises monitored data so that variations in feed 
force and rotation speed, that are influenced by the operator, the drilling process or drill control 
system, will not affect the specific energy value. Therefore it is argued that the specific energy value 
represent the conditions of the true rock mass and will not be affected by the conditions and operation 
of the drill system.

Based on measurements made on an actual drilling machine, Teale (1965) however showed that 
specific energy can reach high values at low thrust and this does not follow the proposed equation. A 
minimum amount of feed force has to be used to overcome friction between bit and rock surface; thus 
the bit will penetrate the rock after doing a finite amount of work. Therefore, due to the friction, the 
total amount of work will decrease. As the feed increases, the size of the fragments increases. 
Combining those effects, specific energy increases while feed force decreases and thus specific energy 
becomes infinite at zero feed force (Teale, 1965).

Again, according to Teale (1965), the work done by feed force is negligible compared to that of the 
rotation. Experiment was done for Pennant Sandstone and Darley Dale Sandstone by using a tri-cone 
roller bit. Rotation speed was kept constant while the correlation was made between feed force and 
rotary component of specific energy. In this correlation, the rotary component of specific energy 
decreases with the increase of feed force. After that, the minimum specific energy was compared to 
the crushing strength of those samples. In this experiment, the curve drawn between torque and 
penetration per revolution for rotary drilling followed a straight line through the origin. Specific 
energy was assumed constant over a wide range of work where torque and penetration per revolution 
followed straight line. In addition, minimum specific energy was considered to be the order of the 
quoted compressive strength of the material drilled. Finally, excess specific energy was considered as 
the degree of wear (scuffing action) of the bit (Teale, 1965).

Specific surface energy in rotary rock drilling was introduced by Liu and Karen (2001). They defined 
it as the energy required for creating a new surface of unit area. For the same rock type, the specific 
surface energy will only depend on its crystalline structure. As, it is only material related and can be 
considered as a rock property, they took it as a rock drillability indicator and specified the following 
relationship between specific energy and specific surface energy (Liu and Karen, 2001).

 E A = E = +   N/m (2)

where, Ea = Specific surface energy (N/m), As = Specific surface area (m2/m3), Ev = Specific energy 
(N/m2), F=Pull down force (N), Ae = Excavation area (m2), N = Rotation speed (rps), T = Torque (N-
m), u = Penetration rate (m/s), and Vvib= Total vibration (N-m/s)



The first term of the equation (2) is the pull down component of the work done in rotary drilling. It 
represents mean compressive pressure exerted by the pull down over the cross-section of the hole. The 
second term represents the rotary component and has a dimension of stress. The third term represents 
the contribution from vibration which is normally neglected due to the small magnitude as compared 
to the first two terms. Therefore, the above equation can be written as: 

                                        E = F + N/m (3)

Specific energy and vibration were used to describe the rock mass for a real drilling operation at the 
Earnest Henry gold and copper mine in Queensland, Australia, (Smith, 2002). The result from this 
study shows that specific energy and vibration are inversely proportional. This conclusion was based 
on field data and should further be tested using laboratory equipment which can take higher sampling 
rate with better sensitivity and fewer outside influences (Smith, 2002). 

Specific energy has been used as a local drillability index to characterise the rock mass at a specific 
site (Peck, 1989). In another case, it proved helpful in identifying the boundaries between different 
rock formations (Izquierdo and Chiang, 2004).

One important argument for the use of specific energy is that it is independent of the drill system even 
if Teale (1965) pointed some specific conditions that are not completely explained by the formula. 
One parameter that is not included in Teale (1965) and Liu and Karen formulas (2001) is the drill 
depth. Schunnesson (1998) showed that not only penetration rate but also feed force and rotary torque 
have a significant trend versus hole depth for percussive drilling. He also pointed out the impact of
flushing, where increasing hole depth will affect the hole cleaning efficiency. Even if the percussive 
drilling and rotary drilling are significantly different, the flushing efficiency is equally important in 
both cases.

4 Case study

4.1 Aitik mine

Aitik Mine is the largest open pit copper mine of Europe and is owned by the Swedish mining 
company Boliden Minerals AB. The mine is located about 60 km north of the Arctic Circle and 20 km 
from the city of Gällivare, in Northern part of Sweden, see figure 1. The production of crude ore was 
in 2013, 37.07 million tons (Boliden website, 2013), and the stripping ratio is about 1:1 (Mining 
technology website, 2013). The length and width of the ore body are about 3 km and 1 km respectively 
(Sammelin et al., 2011). The ore body is divided into two zones: Northern and Southern. The planned 
final depth is 460m in the southern zone and 630m in the northern zone, while the current mining 
depth is about 430 m in the deepest part. The mineralisation continues below the final depth, but is 
presently not economical to extract. 

In 2013 the mine produced 70.86 kilo tonnes of copper, 53.612 tonnes of silver and 1.765 tonnes of 
gold (1Boliden website, 2014). The average grade in the proven reserve of the ore (691 million tons 
estimated by 2013-12-31) contains 0.22 percent copper, 0.15 g/t gold and 1.6 g/t silver (2Boliden 
website, 2014).   



Figure 1 Geographical location of Aitik Mine 

4.2 Drilling system

MWD data were collected from the four rotary blast hole drilling rigs, Atlas Copco Pit Viper (PV351) 
using a tricone bit. The diameter of the production hole is 12 ¼’’ (311 mm). The average bench height 
is 15 m and the depth of the borehole varies from 15 m to 20 m with a sub drilling length 2 m. The 
burden and spacing of the production holes are 7.75 m and 9.75 m respectively (Bergman, 2005). Drill 
monitoring system has been assembled with the drill rig to collect Measurement While Drilling 
(MWD) Data. The recorded data consists of log time (YYYY-MM-DDThh:mm:ss), depth (m), 
penetration rate (m/min), rotation speed (rpm), air pressure (bar), feed force (kN) and rotation torque 
(kN-m). Measurements have been recorded at about 0.1 m intervals along the borehole. A total of 
16881 boreholes have been considered for this study.

5 Selection of filter criteria

Monitored data from a real production environment will normally include some incorrect or faulty 
data. These failure data can be generated by measurement error, abnormal operational conditions or 
operator’s error. To handle this, faulty or unrealistic values must be removed from the data set before 
further analysis can be done.

The criteria for filtering raw data have, in this case, been based on both frequency analysis and 
practical experience. The ranges of recorded parameters have been observed by frequency analysis, as 
shown in figure 2. Empirical distribution function has been determined to define the limit of the 
recorded parameters. Practical experience has also been used to define some filter limits. For example, 
the recorded penetration rate varies from 0 to 20 m/min. A penetration rate of 20 m/min is unrealistic 



for real drilling. Even to move the bit forward in free space at a speed of 20 m/min is not possible for 
the drill rig in question; therefore the data are clearly faulty. 0 values of any operational parameters are 
also unrealistic for a real drilling operation and are considered as a measurement failure in this study. 

The upper part of each hole has also been removed from the data set since it may be fragmented and 
affected by the bottom charge of the blasting of the previous bench. Consequently the first 4m of the 
holes have been removed.

The used filter limits for the study are presented in table 2. For penetration rate this limit corresponds 
to 97.24% empirical distribution function. For the other operational parameters feed force, rotation 
speed, rotation torque and air pressure the used limits corresponds to 99.99% empirical distribution 
function. For the filtering of data it means that data sets which do not satisfy all filter conditions, are 
considered as incorrect and will not be considered in the continued analysis.

Figure 2a Frequency for measured feed force 
(kN)

Figure 2b Frequency for measured rotation speed 
(rpm)

Figure 2c Frequency for measured rotation torque 
(kN-m)

Figure 2d Frequency for air pressure (bar)
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Figure 2e Frequency for penetration rate (m/min)

Table 2 Selection of intervals for filtering raw data

Recorded parameters Ranges of the  measured 
parameters in raw data 

Selected intervals of the 
measured parameters based on 

filter criteria
Feed force (kN) 0-980 >0 and <=730

Rotation speed (rpm) 0-95 >0 and <=93
Rotation torque (kN-m) 0-57 >0 and <=56
Penetration rate (m/min) 0-20 >0 and <=2

Air pressure (bar) 0-8 >0 and <=7.8

6 Results 

To analyse trends in the raw data the filtered data on feed force, rotation speed, rotation torque, 
penetration rate and specific energy, have been, averaged at each depths for all the boreholes, see 
figure 3. Findings show that the average feed force increases with increasing hole depth, as depicted in 
figure 3(a). The average feed force ranges from 360 kN up to 415 kN at the end of the hole. Average 
rotation speed and average rotation torque were almost constant at about 74 rpm and 25 kN-m as 
shown in figure 3(b) and figure 3(c) respectively. Also the air pressure did not vary significantly and 
was in average about 4 bar independent of hole depth, see figure 3(d). The average penetration rate on 
the other hand, decreases with increasing hole depth as seen in figure 3(e). The average penetration 
rate varies from about 0.65 m/min down to 0.5 m/min at the end of the hole. The calculated parameter, 
specific energy, that depends on both penetration rate and feed force, see equation (1), increases 
significantly along the hole depth from about 29 x107 N-m/m3 to about 42 x107 N-m/m3 as shown in 
figure 3(f). This means there is an increase of specific energy of almost 45% from the collaring point 
down to a depth of 18 m.
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Figure 3(a) feed force (kN) versus depth Figure 3(b) rotation speed (rpm) versus depth

Figure 3(c) rotation torque (kN-m) versus depth Figure 3(d) air pressure (bar) versus depth

Figure 3(e) penetration rate (m/min) versus depth Figure 3(f) specific energy (N-m/m3) versus depth
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7 Discussion 

The monitored drilling data display a systematic variations over hole depth. Specifically, the feed 
force increases with increasing hole depth while the penetration rate decreases. According to equation 
(1), both increasing feed force and decreasing penetration rate will result in higher specific energy, as 
shown in figure 3f. The other monitored parameters, rotation speed, rotation torque and air pressure do 
not show any systematic variation with drill depth. 

According to Teale (1965), specific energy is defined as the work/volume ratio and is treated as 
mechanical efficiency for the study of rock working process. This means that for a specific drill set-up 
the specific energy describes the rock mass characteristics. In the tested mine there are no geo-
mechanical rock mass variations versus hole depth that could explain the recorded trends. Instead it is 
more likely that it is the drill system and operational behaviour and drill control that causes the 
recorded data trends.

The drill control system is not known to the authors at the case study mine; however it is not unlikely 
that the drill control will respond to the decreasing penetration rate with an increasing feed force in 
order to try to restore the drill productivity. The reason for the decreasing penetration rate is not 
equally obvious but one likely reason is related to the flushing conditions. The monitored flushing 
parameter, air pressure (bar) is however constant versus hole depth, as seen in figure 3d. 

Even if the air pressure are low (4 bars) the air volume capacity of the used rigs are large which would 
secure efficient hole cleaning capacity. In this case however only the air pressure is monitored and not 
the air flow, which reduces the possibility to analyse the hole cleaning efficiency. Only knowing the 
air pressure also limit the knowledge of the flushing efficiency at the bit position of the drill string as 
the hole gradually gets deeper. With a constant air pressure there is a significant difference in flushing 
efficiency between the collaring point where the annulus area outside the drill string has limited depth 
compared to an 18 m long annulus area where air and cuttings are mixed and where additional 
pressure drops caused by water inflow regularly occurs. This means that even if the recorded air 
pressure is constant the cleaning efficiency at the bit position may deteriorate as the hole gets longer. 
Additionally this would reduce penetration rate and increase the specific energy. As seen in figure 3 
the hole depth dependent trends, will significantly influence the usefulness of specific energy defined 
by Teale (1965). With an identical geomechanical material, seen in the case study mine, the specific 
energy still drops to 45% between the collaring point and the end point at 18m. 

In order to use specific energy as a measure of rock mass characteristics, the presented problems must 
be removed or handled in the analysis phase. One way of neutralising the effects is to use hole 
averages to generate horizontal maps. This has been done by Ghosh et al (2014) in an attempt to 
characterise larger areas of an open pit. However it is important to distinguish that this calculated 
specific energy over estimates the actual specific energy and are also effected by bit wear. Another 
way to treat the data is to modify the penetration rate value in equation (1) with a compensated 
penetration rate value based on the regression line in figure 3a. A more direct solution is to modify the 
flushing system/control to achieve a more constant hole cleaning efficiency. This is however a 
challenge to implement as all mining companies and equipment supplier has been working with this to 
improve drilling efficiency.



8 Conclusions

Following are conclusions from the performed study:

The data from the site study show that several of the monitored parameters contains significant 
variation versus hole depth which are not related to geo-mechanical properties in the rock mass. 
The influence of hole depth on recorded parameters have a significant impact on the calculated 
specific energy. In this case a 45% increase in specific energy was recorded from the collaring 
point down to 18 m depth.
With the constant air pressure, the overall hole cleaning efficiency may deteriorate with increasing 
hole depth and may explain the negative trend for the penetration rate that also influences the trend 
for the calculated specific energy.
The indicated problems i.e. hole depth dependency and flushing condition can be solved by using 
hole average or normalisation based on depth trends. 
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Abstract
During rotary drilling, tri-cone drill bits gradually wear and are replaced at the end of their 
operational service life time. In general, the penetration rate gradually decreases during this 
period (i.e. production degradation profile) and sharply rises when a new bit is installed. This 
phenomenon has been used in this study to examine the production degradation profile for 
bits used in a Swedish open pit mine. The initial penetration rate, production degradation 
coefficient, life length and final penetration rate preceding change of bits are calculated for 
each drill bit before detailed evaluation. The analysis is based on trend analysis, statistical 
analysis and Principal Component Analysis (PCA) analysis. The results show a significant 
variation in life length, production capacity (i.e. penetration rate) and production degradation 
profile. For the whole population, there is an inverse non-linear trend between the production 
degradation coefficient and the bit life, indicating that the lower the degradation co-efficient, 
the higher the bit life and vice versa. The fundamental reason for the large differences in bit 
life length was initially believed to be rock strength variations in the mine, but this could not 
be substantiated. Instead the bit life length seems well correlated to the operational parameters 
rotation torque, rotation speed and to a minor extent feed force. They are all negatively 
correlated which may indicate that these parameters can be reduced. The analysis shows a 
large variation in final penetration rate which may indicate penetration rate is not the most 
important factor in determining when to change the bit. Further field studies may reveal the 
reasons for this variation, enabling a better and more efficient procedure for changing bits.

Keywords: Drillability, Tri-cone bit, Rotary blast hole drilling, Measurement While drilling, Open pit 
mining, bit wear

1 Introduction 
Unit operation of a surface mine includes drilling, blasting, loading and hauling (Hartman, 
2002). To minimise production costs it is important to optimise each step of the operation. As 
the first step of mineral exploitation, drilling affects all subsequent stages. Efficient drilling is 
therefore necessary to achieve an economical production cycle.

In open pit mining all over the world, blast hole rotary drills are used for overburden removal 
(Kahraman et al., 2000; Bilgin, 2003). In rotary blast hole drilling, the term drillability is used 
to describe the degree of ease and economy at which a rock mass can be drilled. Higher 
drillability usually reflects a greater drilling rate with less bit wear and longer bit life (Lui and 
Karen, 2001). 

*Corresponding author. E-mail address: rajib.ghosh@ltu.se 



Penetration rate can be an efficient measure of the drillability of a rock mass for reasonably 
similar machine and human interactions. It is also considered one of the most important 
parameters in mine planning and cost estimation (Bilgin, 2003). According to Thuro (1997), 
drillability describes the influence of a number of parameters on the drilling rate and tool wear 
of the drilling rig. 

These include geological parameters, mechanical properties of the rock mass, type of drilling 
rigs, bit type, machine parameters and operation and maintenance of the rig, as described in
Figure 1. 

Figure 1 Factors affecting ‘Drillability’ (Thuro, 1997)

In rotary drilling, bit life and penetration rate also depend on operational parameters such as 
pull down force and rotary speed. When penetration rate and rotary speed increase, operating 
cost normally decreases. However, when these parameters increase, bit life can sometimes be 
reduced, thus increasing the cost of the bits. In other words, identifying an optimum set of 
operational parameters will ensure an overall minimum cost per length drilled (Hustrulid et 
al., 2013).

Measurement While Drilling (MWD) is a well-recognised drill monitoring technique in the 
petroleum and mining industry and has been used in rotary blast hole drilling since the 1970s 
(Smith, 2002). There are two types of parameter used in MWD system, independent and 
dependent parameters. Independent parameters include weight on bit, rotation speed and air 
pressure and are directly controlled and influenced by the operator. Dependent parameters 
consist of penetration rate, rotation torque and vibration and represent the mechanical 
responses altered by the geological and mechanical properties of the rock (Peck, 1989; 
Schunnesson and Kristoffersson, 2009). In the mining industry, MWD data are used for rock 
mass characterisation, short term and long term planning, blast design, optimisation of 
fragmentation, equipment planning etc. to achieve cost effective production (Ghosh et al., 
2014, Segui and Higgins, 2002). The data also have the potential to predict the through-put in 
comminution processes (Segui and Higgins, 2002). 

In this paper, Measurement While Drilling data from a Swedish open pit mine are used to 
evaluate life length of the bit in a surface mine, Sweden. The paper establishes the 
relationship between production degradation coefficient and bit life length. It then discusses 
the factors affecting the production degradation profile of the bits.



2 Test site description

2.1 Aitik mine
Aitik mine is the largest open pit copper mine in Europe. It is located about 60 km north of 
the Arctic Circle and 20 km from the municipality of Gällivare, in Northern Sweden. It is 
owned and operated by the Swedish Mining Company Boliden Minerals AB. In 2014, the 
mine produced 39.09 million tonnes of crude ore, containing 67.692 kilo tonnes of copper, 
54.854 tonnes of silver and 1.767 tonnes of gold (Boliden Website, 2015). The average grade 
in the proven reserve of the ore (762 million tonnes estimated by 2013-12-31) contains 0.22 
percent copper, 0.15 g/t gold and 1.6 g/t silver (Boliden website, 2014). The length and width 
of the ore body are about 3 km and 1 km respectively (Sammelin et al., 2011). The ore body 
consists of two parts, a northern part and a southern part. The ore reserve extends down 630 m 
in the northern part and 460 m in the southern part. The current mining level is at about 430 m 
in the deepest part. 

Figure 2 Geographical location of Aitik Mine 

In the hanging wall side, the main rock type is Amphibole gneiss. Muscovite schist, 
pegmatite, biotite schist, biotite gneiss, and biotite gneiss with amphibole are the dominant 
rock types in the ore zone. In the footwall, the main rock types are diorite, biotite gneiss, and 
biotite gneiss with amphibole (Sjöberg, 1999). Figure 2 shows the location of Aitik Mine.  

2.2 Drilling system
In this study, Measurements While Drilling (MWD) data were collected from four Atlas 
Copco Pit Viper (PV-351) rotary blast hole rigs equipped with tricone (TCI-Tungsten Carbide 
Insert) bits. The tricone rock bit works by means of indentation and cutting. The drill string 
includes a rotary coupling element such as a drill pipe, a stabiliser and a rotary tricone bit. The 
rotary coupling element transmits the rotary torque to the drill string underneath (Turtola, 
2001).



The diameter of the production borehole is 12 ¼ inch (311 mm). The average bench height is 
15 m and the sub drilling is around 2 m. The burden and spacing of the production holes are 7 
m and 9m respectively (Beyglou, 2012).

In Aitik, the Atlas Copco Drill Monitoring System has been assembled with the drill rig to 
collect Measurement While Drilling (MWD) data. The retrieved data include time (YYYY-
MM-DDThh:mm:ss), depth (m), feed force (kN), rotation speed (rpm), penetration rate 
(m/min), rotation torque (kN-m) and air pressure (bar). Data are recorded at 0.1 m 
(approximately) intervals along the borehole. For this study, the data were analysed from 4 m 
to the bottom of the borehole, as the first 4 m of the borehole may be affected by the bottom 
charge of the blasting of the previous bench.

2.3 Fundamentals of rotary drilling
According to Teale (1965), rotary drilling can be considered a combination of two distinct 
actions: (1) indentation in which the cutting edges of the bit are continuously pushed into the 
rock to give a bite and, (2) cutting in which the bit is given a lateral movement to break out 
fragments of the rock.

When work is done by a thrusting motion, the action is called Indentation while ‘cutting’ is 
defined as work done by rotational torque. This is formulated by the following equation 
(Teale, 1965): 

Total work done per unit time = Work done per unit time by axial thrust + Work done per unit
time by rotational torque

                                                 = (F)(u) + (T)( N) in. lb/in

where F = Thrust (lb), u = Penetration rate (in/min), T = Torque (lb-in), N = Rotation speed 
(rpm). In rotary drilling, rotation is provided by a hydraulic or electric motor driven gear box, 
called a rotary head. The rotary head moves up and down in the drill tower using a feed 
system generating the pull down force required to put sufficient weight on the bit (i.e. thrust).

Figure 3 Rotary drilling method (edited after Atlas Copco, 2012)



Weight on bit includes pull down force (generated by the feed system) and dead weight such 
as the rotary head, drill rods and cables (Atlas Copco, 2012).

Compressed air is generally used to clean the cuttings in the annular space between the wall 
of the hole and the drill rods (Atlas Copco, 2012). Figure 3 shows the principle of the rotary 
drilling method.

For a unique drill bit, the drilling rate (i.e. penetration rate) is either reduced gradually by the 
continuous deterioration of the bit (Figure 4a) or more rapidly by complete damage of the 
teeth (Figure 4b). The penetration rate at the end of the bit life can be reduced as much as by 
50 to 75% compared to a new tricone bit, due to the wear of the bit (Jimeno et al., 1995). 
Therefore, penetration rate can be a useful guide for the operators when to change the bit 
(Atlas Copco, 2012). The operating cost can be reduced significantly by selecting both the 
most economical bit type and the most efficient operating conditions. Figure 4 shows different 
types of wear for tricone bits (Atlas Copco, 2012).

3 Data analysis

As a bit is worn down by drilling, penetration rates gradually decreases (Jimeno et al., 1995). 
To show this the recorded penetration rate (hole average) values were plotted for consecutive 
time values; see Figure 5. As the Figure shows, the hole average of penetration rates 
progressively drop down and rise up again. This characteristic saw-tooth pattern shows the 
production degradation for each used bit and the sharp changes in penetration rate show when 
the old bit is replaced with a new one. By using this type of analysis the production 
degradation profile of the bit can be studied, including initial penetration rate, production 
degradation coefficients, life length and final penetration rate preceding change of bits.  

Figure 4a Partial wear of teeth (Atlas 
Copco, 2012)

Figure 4b Complete deterioration of teeth  
(Atlas Copco, 2012)

In all, 52 bits, with different production performance were distinctly identified. In this case 
the production performance is defined by bit life length (m) and penetration rate (m/min). 

A simple arithmetic average could not have been used to compare the penetration rate for 
different bits with sometimes very different life length, as this would be strongly correlated to 
the bit life length. The declining trend for penetration rate with increasing life length would 



result in low average penetration rate for bits with long life length. The negative gradient of 
the trend line (m-value; y = mx + c) shown in Figure 6 is defined as the production 
degradation rate (i.e. production degradation coefficient) showing the speed at which the 
penetration rate decreases with increasing service life of the bit. In Figure 6, bit A has a life 
length of 705.6 m while bit B has a life length of 1172.4 m. The arithmetic average of the 
penetration rate for bit A and bit B is 0.55 m/min and 0.47 m/min respectively. Bit A and Bit 
B both follow the same degradation rate. The calculated peak penetration rate values for bit A 
and bit B are 0.63 m/min and 0.58 m/min respectively.

Figure 5 Sharp changes indicate change of the bits

Figure 6 Penetration rate dependencies on drilled length
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Due to the longer drilling length of the bit B, the difference between the peak values (0.63-
0.58= 0.05) are less than if the arithmetic average penetration rates (0.55-0.468=0.08) are 
used.

4 Results
Initially a statistical analysis was conducted for the bit life length, initial penetration rate and 
the production degradation rate, as presented in Figures 7a, 7b, and 7c respectively. 

In Figure 7a, the bit life, varying from 300m to over 1400m, follows a normal distribution 
with a mean of 782 m and a standard deviation of 278 m. The 85% confidence interval for bit 
life is between 394 m and 1203 m. From a practical engineering point of view the values 

Figure 7a Histogram with the probability 
density function (normal 
distribution) for the bit life 
length

Figure 7b Histogram with the probability 
density function (lognormal 
distribution) for the average 
penetration rate

Figure 7c Histogram with the probability density function (lognormal distribution) for the
production degradation coefficient



within the 85% confidence interval were considered normal drilling conditions, while data 
outside the interval were considered outliers and subjected to further analysis.

The initial penetration rate (i.e. peak penetration rate) in Figure 7b, varying from 0.4 m/min to 
over 1.2 m/min, follows a lognormal distribution with a mean of 0.66 m/min and a standard 
deviation of 0.14m/min. The 85% confidence interval for penetration rate starts at 0.49 m/min 
and ends at 0.92 m/min. The production degradation coefficient data in Figure 7c also follows 
a lognormal distribution with a mean of 0.0003375 m/min/m and a standard deviation of 
0.0002275 m/min/m. In this case, the 85% confidence interval is between 0.000109 m/min/m 
and 0.000792 m/min/m.

Figure 8 illustrates the peak penetration rate versus the bit life for all bits in the study, 
including the 85% confidence interval defined above. The large variation in penetration rate 
may depend on overall variation in rock strength in the mine (Ghosh et al., 2014), but, if this 
were the case we would expect the data to show a positive trend. Drilling in hard, difficult 
rock mass would result in a lower penetration rate with high wear causing short life length. A 
weak rock mass would allow a high penetration rate with comparatively less wear resulting in 
longer life length. But this behaviour is not supported by the data shown in Figure 8. In 
addition to rock mass characteristics, the bit life length depends on, operational parameters 
and bit quality (manufacturing quality, mal functions etc.). In this case, the operational 
parameters are registered through the MWD parameters. The rock mass characteristics are 
indicated by the penetration rate and through the calculated parameter specific energy (Ghosh 
et al., 2014). Finally, any variations in bit quality are unknown.

Figure 8 Average penetration rates vs. Bit life

Figure 8 Average penetration rates vs. Bit life

Contrary to expectations, Figure 10 shows the final penetration rate still varies significantly.
This may indicate penetration rate alone is not the most important factor for deciding when to 
change bits. Further field studies are required to fully understand the reasoning behind the 
decision to change the bit.

FFFigure 8888888888 Averageggggggggg  penettttttttration rrrrrrates vs. BBBBBBBBBBBBBBBBBBBBit life



Looking at the production degradation rate versus bit life length in Figure 9, a clear negative 
non-linear trend is shown. The higher the production degradation rate, the lower the bit life 
and vice versa. As mentioned earlier the penetration rate at the end of the bit life can be 
reduced as much as 50 to 75% compared to a new tricone bit (Jimeno et al., 1995). Therefore 
penetration rate (i.e. drilling rate) can be a useful guide for the operators to determine when to 
change the bit (Atlas Copco, 2012). In order to see if this is used the penetration rate for the 
final hole of each bit is shown in Figure 10. 

Figure 9 Production degradation coefficients vs. Bit life

Figure 10 Penetration rate for the final hole of each bit in the study
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Despite the large variation in initial penetration rate and bit life length, seen in Figure 8 it 
would be expected that the final penetration rate would have a more uniform behaviour.

In order to understand how penetration rate decreases (i.e. production degradation profile) and 
its influencing parameters for different bits a detailed analysis was done for 4 selected bits, 
Cases 1 to 4 in Figure 8. Case-1 is a bit with an initial high penetration rate (1.23 m/min) but 
with a high production degradation coefficient (0.0016474687 m/min/m) and consequently 
low bit life length (394.214 m), see Figure 11a. Case-2, shown in Figure 11b, is a bit with a 
comparatively low degradation coefficient (0.0003917643 m/min/m) and a low penetration 
rate (0.5 m/min) but with a short life length (613.75 m). This average penetration rate is close 
to (not exactly) the lower end of the boundary drawn for assumed normal drilling conditions, 
shown in Figure 8. Case-3, shown in Figure 11c, is a bit with a high penetration rate (0.922 
m/min), a relatively low degradation coefficient (0.0003147121 m/min/m) and a long life 
length (1421.74 m).  Therefore, the bit is beyond the first standard deviation in bit life length, 
shown in Figure 8, while the penetration rate is in the upper range of the assumed normal 
drilling conditions, shown in Figure 8. Case-4, illustrated in Figure 11d, is a bit with a very 
low degradation coefficient (0.0000994570 m/min/m), a relatively low penetration rate (0.65 
m/min) and consequently long life length (1131.81 m). In other words, Case-4 bit is within 
the normal behaviour described in Figures 7a, 7b and 8.

To get an overview of all parameters influencing the bit life length, Principal Component 
Analysis (PCA) was used. PCA normally forms the basis for multivariate data analysis, and is 
often used for simplification of data tables, outlier detection, variables and object selection, 
correlation evaluation, classification and predictions of different features (Wold et al. 1987). 
Figure 12 presents the score plot of the first and second principal component, for all bits in the 
study. As shown in the Figure, the plane generated by the two components explains 56.5% of 
the total variation among all included parameters.

Figure 12 clearly show that case-1 is an outlier and significantly different from the other bits 
in the study. The production degradation profile for this case, presented in Figure 11a, shows
a very short life length (394.21 m) and a very high average penetration rate (1.23 m/min). To 
determine the reason for the abnormal behaviour, the operational parameters (independent and 
dependent) have been studied which show that the case-1 bit is subjected to very low feed 
force and higher rotation speed than normal. However the registered very high penetration 
rate, shown in Figure 8, may indicate some unique rock mass properties. In order not to let 
Case-1 influence the further analysis this bit was removed from the data set and from further 
analysis.

Figures 13a and 13b present the score and loading plot of the first and second principal 
components, respectively for all bits in the study without considering Case-1. The plane 
generated by the two components explains 56.5% of the total variation among all included 
parameters. In Figure 13 a, Case-2, Case-3 and Case-4 are located in different position 
reflecting different interaction between machine and rock mass. The loading plot in Figure 
13b indicates the overall relations among the registered parameters. The relationship between 
penetration rate and specific energy that crosses diagonally is related to the rock mass 
characteristics. 



Figure 11a Production degradation profile for 
Case-1

Figure 11b Production degradation profile for 
Case-2

Figure 11c Production degradation profile for 
Case-3

Figure 11d Production degradation profile for 
Case-4

Figure 12 Score plot of the first and second principal component for all bits in the study
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Figure 13a Score plot of the first and second principal component for all bits, except Case-1,
in the study

Figure 13b Loading plot of the first and second principal component for all bits, except Case-
1, in the study

In this case high penetration rate and low specific energy indicate low rock strength and the 
reverse implies high rock strength. The almost perpendicular relationship between bit life 
length and the drill parameters of rotation speed, rotation torque and to some extent feed force 
indicates the bit life length, in general is much more dependent on operational parameters than 
on rock mass characteristics.

The negative correlation of penetration rate and flushing pressure seen in Figure 13b is not 
expected. A Higher penetration rate generates larger volumes of cutting which, in turn, 
demand a highly efficient hole cleaning/flushing system. Normally this results in a lower 
volume of flow and higher pressure, but this positive relationship between penetration rate 
and air pressure cannot be seen here. It is difficult to draw a clear conclusion but one possible 



explanation that increased water content is more frequent in hard brittle rock (comparatively 
lower penetration rate) than in soft ductile rock. Hard rock (with lower penetration rate) 
combined with high water content can be fed by comparatively low volume of flow and high 
pressure.

5 Discussion and conclusion
The paper suggests a method for evaluating the performance of rotary tri-cone bits based on 
MWD data. More specifically, it uses the decreasing performance trend versus operating life 
time to identify the starting point and the replacement point for a number of bits used in an 
operating mine in Sweden. It studies the production degradation profile of the bits, initial 
penetration rate, production degradation rate, life length and final penetration rate preceding 
change of bits. The production degradation profile is assumed to be highly related to the 
physical wearing of the bit; this means that penetration rate will decrease during continuous 
drilling operation as the bit material wears.   

The analysis shows a significant variation in both life length and production capacity 
(penetration rate) for the bits in question. The normalised initial penetration rate varies 
between 0.4 and 1.2 m/min while the bit life length varies from 300 to over 1400 m. Looking 
at the production degradation profile for individual bit there are also a large variation, as 
shown in Figure 11. Some bits have a very low production degradation rate while others have 
a high rate. The whole population shows an inverse non-linear trend between the production 
degradation co-efficient and the bit life, indicating that the lower the degradation co-efficient, 
the higher the bit life and vice versa. 

The fundamental reason for this behaviour was initially believed to be rock strength variations 
in the mine. This would have been substantiated by finding a definite positive correlation 
between penetration rate and bit life (see Figure 8), meaning the penetration rate would be 
relatively less for hard rock and bit life would be reduced.  Since this was not substantiated, 
other parameters must, at least in this case, have a great impact on bit performance.

To get an overview of all influencing parameters on the bit life length a Principal Component 
Analysis (PCA) was done, see Figure 13. The analysis shows the rock mass characteristics 
represented by penetration rate and specific energy basically are not correlated to bit life 
length, thus agreeing with the results above. Instead, the bit life length seems well correlated 
to the operational parameters rotation torque, rotation speed and to a minor extent feed force. 
They are all negatively correlated suggesting these parameters can possibly be reduced. 
Another surprising result is that penetration rate and air pressure are negatively correlated. 
This indicates other parameters are influencing the flushing efficiency, such as more frequent 
water occurrence in harder, maybe more brittle, rock formations. However the conclusions 
from the PCA analysis must be conservative as the explanation rate for the first two 
components is limited to 56.5%.

The bit changing procedure in the mine is not clear-cut. However several references have 
indicated the decreasing penetration rate can provide a significant indication of when to 
change the bit. In this particular case there are large variations in the final penetration rate for 



each bit. Further field studies may reveal the reasons leading to the development of better and 
more efficient procedures to change the bits.
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