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A B S T R A C T 

This thesis deals with the application of percussive drill monitoring in the 
mining and underground construction industries. The technique has been used to 
provide information on different ground properties and conditions and for drill 
productivity evaluation. 

Five different test sites have been used: the OSCAR area in the Kiirunavaara 
magnetite mine in Kiruna, the Viscaria copper mine in Kiruna, the Zinkgruvan 
mine in south-central Sweden, the Glödberget tunnelling site in Västerbotten 
county and the Hallandsåsen tunnelling site in southern Sweden. 

A methodology has been suggested and tested for treatment of raw data in 
order to extract rock dependent parameter variations from variations generated by 
the drill system itself and other external influences. Prediction of rock hardness 
and fracturing can be done without initial calibration, providing a good foundation 
for interpretation by site personnel. 

The mining applications show that drill monitoring has a very high potential 
for ore boundary delineation and also for classification of existing rock types. In 
tunnelling applications drill monitoring demonstrates a a good capability of 
foreseeing rock conditions ahead of the tunnel face. Other benefits are the speed 
of the method, its practicalality and the fact that it requires no additional 
equipment, time or access to the production front. The potential for detailed drill 
productivity evaluation by drill monitoring has been demonstrated. Detailed 
information of the time consumption for each activity in the dnlling cycle can be 
presented as well as the distribution of the total production. With this information 
in hand an indication can be given as to how the overall drilling capacity can be 
increased. The impact on production of automation, new developments and 
organization can also be predicted with high accuracy. 
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INTRODUCTION 

Drill process monitoring 

Drill process monitoring means that a number of drill parameters are 
recorded during the drilling operation. The technique may encompass different 
drill parameters, e. g., penetration rate, torque pressure, thrust, and it can also be 
applied in conjunction with different drilhng techniques, such as percussive 
drilling, rotary drilling and core drilling. The general apphcations for drill process 
monitoring are: 

• characterization of the ground 
• drill productivity evaluation 

• functional control of the drill rig and the drilhng process 

Characterization of the ground 

On the basis of the recorded drill parameters, a fast and early evaluation of 
ground conditions can be made. There is a great potential in using the information 
collected from monitoring of percussive drilhng, since this drilhng technique is 
inexpensive and frequently used in both the mining and construction industries. 

Today in the mining industry, more detailed information about the ore and 
the surrounding rock mass is often required. When mining high-grade narrow ore 
bodies, the mining method often implies a very detailed knowledge of the ore 
contacts. Dislocation of the contacts can lead to unacceptable ore loss and waste 
rock dilution, and may jeopardize the entire mining economy. Furthermore, the 
overall stability of a mining area has to be secured, which requires more accurate 
knowledge of fractures, faults, rock strength, etc. Today information about the 
ore and the surrounding rock is often based on widely spaced core drilling, 
mapping of drifts, or analysis of cuttings. In stoping mining methods, the 
estimation of rock conditions for entire stopes can be based on a few core holes, 
resulting in a high degree of uncertainty for uncored areas. With drill process 
monitoring it is possible to derive information from closely spaced production 
holes, which provides information about rock properties with much higher 
resolution. 

For a tunnelling project an extensive pre-investigation is normally 
conducted. It usually concentrates on surface measurements such as geological, 
geotechnical and hydro-geological investigations, seismic and VLF profiles, etc. 
Core drilhng and percussive drilhng down to the planned tunnel level are 
normally also conducted. The motive for a pre-investigation is for the overall 
tunnel design. However, the pre-investigation has limited operational value for the 
detailed, day to day, excavation of the tunnel. During the tunnel excavation the 
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operator requires detailed information of rock conditions ahead of the tunnel face 
for planning of the next few rounds. In this case, drill monitoring from the face 
can provide detailed information of the quahty of the rock. The method ensures 
that no major difficulties related to the rock will arise unexpectedly (Schunnesson 
1996). 

Despite the need and the obvious advantages with drill monitoring, and the 
major achievements that have been seen in the field of drill monitoring hardware 
over the last decade, both among drill manufactures and independent companies, 
the method has not become a standard investigation tool in the underground 
industry. A major obstacle is the analysis of data. Raw drill monitoring data are 
often very complex. The data are influenced substantially by the operator and drill 
parameters often change along with varying rock- and drilling conditions. 
Independent of the operator, the control system of the drill rig can also change 
drill parameters to prevent jamming or other drilhng problems. Furthermore, 
random components and measurement errors of different magnitudes may also be 
associated with variables in the measured data. In order to use drill process 
monitoring data to characterize the ground, it is vital to separate the response 
originating from variations in rock conditions from response caused by the 
operator, the control system of the rig, and other external influences. 

Characterization of the ground using drill monitoring is discussed in papers I 
to IV. 

Drill productivity evaluation 

Accurate evaluation of the performance of a drill system, in its production 
environment, is a critical factor for maximizing the performance of drilhng 
equipment. The most accurate method is by the use of drill monitoring. Drill 
monitoring has the capability to provide detailed knowledge of the time 
consumption for each different activity in the drilhng cycle. With a detailed 
knowledge of the existing drilhng performance, future production can be 
optimized and development and investments can be focused on objects that have 
the highest rate of payback. Drill productivity evaluation using drill monitoring is 
discussed in papers V. 

Functional control of the drill rig and the drilling process 

Drill monitoring can also provide detailed monitoring of the function of the 
drilhng process. Applied forces are interrelated and can be optimized for each 
drilling sitoation. In real-time, drill parameters are monitored and controlled by 
the control system of the rig to prevent drilling problems in bad rock, faults or 
other difficult rock conditions (Almquist and Hamrin, 1993). Optimal setting of 
forces, for example thrust, can be evaluated based on large data volumes from 
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different drilling conditions. Furthermore, different types of malfunctions can be 
identified based on recorded monitoring data. 

History 

The technique of monitoring a drilling process to characterize the ground has 
been used in Sweden for geotechnical applications since the early 1900s. In the 
early 1940s, when the first extension rods were developed, the technique could 
be extended also to investigations in hard ground and bed rock (Morfeldt et al 
1973). During drilling the rate of advance was manually registered, providing a 
characterization of different geological and geotechnical horizons down to the 
solid bed rock. Several drawbacks in early attempts at drill monitoring were 
connected with the use of pneumatic rock drills that did now allow for accurate 
control of percussive power, thrust and rotation speed. Measurement and 
monitoring techniques are not adequate for continuous monitoring of a drilhng 
process (Schunnesson, 1987). With the introduction of modern hydrauhc rock 
drills with hydrauhc feeders and independent rotation, the foundation for accurate 
drill process monitoring has taken a major step forward. At the end of the 1970s 
the first digital monitoring system was introduced on the market. This ehminated 
many of the difficulties associated with processing of analogue data. Advanced 
computerized analytical tools could also be apphed, such as Patter Recognition 
(Griffith, 1983, Peck and Pollitt, 1990), Multivariate Analysis (Schunnesson, 
1990), Neural Networks (Petrobloc, 1995), in order to improve the analysis and 
minimize misclassification of data. 

Percussive drilling and monitoring 

A hydrauhc percussive rock drill consists of a piston, inside a cylinder, that 
is caused to accelerate by the application of compressed oil to one end of the 
piston. The piston impacts a shank adapter (top hammer drilling) or bit (ITH 
driUing). Through impact, the kinetic energy of the accelerated hammer is 
transformed into stress wave energy in the drill rod or bit. At the bit/rock 
interface the energy should be absorbed by rock crushing. It is important that as 
much useful energy as possible reaches the bit/rock contact, minimizing the 
energy losses in the drill string joints. In percussive drilhng, rebounds of the drill 
are generated by energy reflections at the bit/rock interface. In order to maintain 
constant contact between bit and rock, between drill string joints and between the 
rock drill and the shank, an axial thrust, directed towards the rock, must be 
applied. Insufficient thrust results in drill steel fatique and greater wear on 
threads, shank and bushings as the couplings tend to loosen, due to the energy of 
the shock-wave that is reflected within the drill string. If energy is poorly 
transmitted in the drill string, it is instead converted to heat. The purpose of 
torque is to ensure the rotation between succeeding blows from the impact 
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mechanism so that the bit, for every blow, works on a new part of the bottom of 
the hole. The torque required to turn the bit is mainly dependent on the bit 
resistance at the bottom of the hole and frictional resistance between drill rods 
and hole walls. 

The systems used for monitoring drill parameters in this project were, 
Transtronic AB's INCLINATOR and DEVTLOG system, and Bever Control's 
monitoring system. During drilling, drill parameters were recorded for every 1-10 
mm of hole length. The most important parameters are; 

• time at which data is sampled (h-min-sec) 
• drill hole depth (m) 
• penetration rate (m/min) 
• thrust (kN) 
• torque pressure (bar) 
• percussive pressure(bar) 
• rotation speed (RPM) 

Hole length measurement was obtained by measuring the volume of fluid in 
the feed cylinder during forward movement of the rock drill. The volume was 
then divided by the area of the cylinder to give the displacement. The 
displacement together with the time was then used to calculate the penetration 
rate. The major benefit of this method of hole length measurement is that no 
external instrumentation is needed on the boom, which makes the system very 
robust. The thrust is recorded by measuring the forward and backward feed 
pressure. By knowing the areas and efficiency of the feed cylinder, the mass of 
the hammer and the rods, the hole inclination and the hole length, the exact thrust 
on the bit is calculated. The selected thrust level is normally a trade off between 
penetration rate and hole deviation. The recorded torque pressure was the inlet 
pressure to the rotation motor. The corresponding torque can be calculated i f gear 
ratio and the efficiencies are known, but since the torque and the torque pressure 
are directly proportional, this is not necessary. The percussive pressure was either 
the hydrauhc pressure of at hydrauhc top hammer machines or the pneumatic 
pressure of a ITH machine. In both cases it was recorded by pressure transducers. 
The rotation speed was recorded by a tacho shaft mounted on the rotation motor, 
and the air pressure by an ordinary pressure transducer. 
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Test sites 

In this thesis data from 3 underground mines and 2 tonnelhng sites in 
Sweden are used. The test sites are; 

• OSCAR area in the Kiirunavaara iron mine in Kiruna 
• Glödberget tunnelling site 
• Viscaria mine in Kiruna 
• Hallandsåsen tunnelhng site in Båstad 
• Zinkgruvan mine 

r j Kiruna > 
( • I 
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\ 
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J 

J Zinkgruvan , 

Båstad '"m 

i j 

Figure 1. The location of the test sites in Sweden. 
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OSCAR area in the Kiirunavaara mine in Kiruna 

The OSCAR area is located in the central part of LKAB's Kiirunavaara iron 
ore mine in Kiruna. In this area, the traditional sublevel caving method has been 
replaced by the sublevel stoping method in order to reduce development work. 
The area is divided into 4 stopes by intermediate pillars. Each stope is 
approximately 30 by 30 m in width and between 60 and 80 m in height. The ore 
generally consists of high grade magnetite with very low content of accessory 
minerals. The most significant polluting minerals are apatite and amphibole. The 
production holes in the area were drilled downwards (60 degrees from horizontal) 
using an Adas Copco COP 42, a 4.5" ITH hammer. The drill rig was equipped 
with 4.5" button bits and 1875 mm drill tubes with an outer diameter of 76 mm. 
During the test, the applied drilling parameters were recorded by an 
INCLINATOR Type 93 instrument. The parameters were recorded for every 10 
mm of hole length for a total length of 5118 m. The recorded parameters were; 

• Time when data is recorded 
• Drill hole length 
• Penetration rate 
• Rotation speed 
• Thrust 
• Air percussion pressure 
• Torque pressure 

In the OSCAR area, drill monitoring was tested both for structural 
characterization of the rock mass and for grade control. The structural 
characterization focused on major faults jeopardizing stability of stopes and 
pillars. The grade control evaluation concentrated both on high-low phosphorus 
contacts and hanging wall locations. 

Glödberget tunnelling site 

At Nyåker, south of the Öre river in Västerbotten county, a 1680 m long 
railway tunnel was excavated for the Swedish Rail Administration. The 
excavation was done with conventional drilling and blasting, to a cross section 
area of 67.5 m 2 . Due to the high watertightness requirements of the completed 
tunnel, five 20 m long probing holes were drilled in advance of the tunnel face. 
These five holes were part of the more extensive drill fan used for concrete 
reinforcement, to be completed if needed. The tunnelling site at Glödberget 
consists of a gray, medium to coarse grained granite, slightly foliated and with 
pronounced sheeting. Fractures with clay alteration were present. The drilhng 
was horizontal, or near horizontal, and done with an Atlas Copco Promec TH531 
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equipped with COP 1238 rock drills, 51 mm bits and 1 1/4 " (32 mm) and 10 feet 
M-F extension rods. During the drilling of sounding holes, the applied drilhng 
parameters were recorded by an INCLINATOR Type 95 instrument. The 
parameters were recorded for every 10 cm of hole length for a total length of 
7667 m. The recorded parameters were; 

• Drill hole length 
• Penetration rate 
• Thrust 
• Torque pressure 

At Glödberget, drill monitoring was used to characterize the rock mass 
ahead of the tunnel face. The major concern was structures and faults influencing 
the drifting and reinforcement procedure. 

Zinkgruvan mine 

In the Burkland area in Zinkgruvan, drill monitoring was tested to 
characterize the ore zone and to indicate major faults in the hanging wall, causing 
major problems for the mining activities. In Zinkgruvan, the ore zone consists of 
massive Zn-Pb-Cu-Ag sulphide ores and banded iron-formations in volcano-
sedimentary complexes. The hanging wall rock is dominated by a calc-silicate 
bedded metamffite that consists of 0.5-1 cm thick alternating layers of quartzite, 
quartzitic metatuffite, and diopside-calcite-garnet rock. The rocks show a very 
fine internal lamination. Beds of massive metatuffite and marble occur 
intercalated in the rock The grain size in these rock can vary from relatively fine 
grained to coarse grained. In Zinkgruvan, the holes were drilled in fans, from 
almost horizontally up to almost vertically. The drilhng was done with a Boart 
160 rock drill, equipped with 64 mm button bits and extension rods. During 
drilling, drill parameters were recorded by a monitoring instrument from Bever 
Control A/S. The parameters were recorded for every 10 cm of hole length for a 
total length of 1925 m. The recorded parameters were; 

• Drill hole length 
• Penetration rate 
• Thrust 
• Percussive pressure 
• Torque pressure 
• Total hydrauhc pressure 
• Voltage 
• Current 
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Viscaria mine in Kiruna 

In the Viscaria mine, situated near Kiruna in the county of Norrbotten, a 
copper deposit with a typical ore thickness of 2-3 m, dipping 65-90 degrees, is 
rriined with sublevel stoping. The main ore-bearing horizon is a carbonate rock, 
but also the foot wall rocks (tuffite, felsite, black schist, graphitic- and graphite 
layered tuffite), as well as the hanging wall rocks (chert, graphite schist, 
graphitic- and graphite layered tuffite and tuffite) partially contain ore grade of 
chalcopyrite. The percussion-drilled exploration holes were drilled upwards, 
almost vertically, using an Atlas Copco SIMBA H222S equipped with 2, 1238 
HF rock drills, using 51 mm button bits and 1.52 m long extension rods. The drill 
parameters were recorded by a DEVILOG instrument supplied by Transtronic 
AB. During the test period, drilling parameters were recorded for every 10 cm of 
hole length for a total of 1687 m bore hole. The recorded parameters were; 

• Drill hole length 
• Penetration rate 
• Thrust 
• Torque pressure 
• Rotation speed 
• Percussive pressure 
• Time when data is recorded 

In Viscaria drill monitoring was tested to see if the technique could provide 
additional information on the geometry of the ore body, supplementary to what is 
provided by core drilhng, cutting analysis and mapping of drifts. The intention 
was to provide a more exact location of the rock contacts in a lager number of 
percussion drilled holes. 

Hallandsåsen tunnelling site in Båstad 

Between Båstad and Förslöv in south-western Sweden, two 8.6 km long 
railway tunnels are being excavated through the Hallandsåsen ridge by 
SKANSKA AB for the Swedish Rail Administration. The excavation is done with 
conventional drilhng and blasting, to a cross sectional area of 68 m 2. The 
tunnelling operation also includes sounding holes that are regularly drilled in 
advance of the tunnel face and for which drill parameters are monitored. The 
tunnelling site is dominated by gneiss interrupted by amphibolite or diabase dikes 
with thicknesses varying from a few dm up to several meters. Extensive 
weathering exists locally, as well as clay alteration. The fracturing varies 
extensively with RQD values between 0 and 100. The estimated Q-index also 
varies considerably along the tunnel from below 0.1 (extremely bad rock) to 
above 4 (rather fair rock quality). 
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The drilling of probing holes is done horizontally, or near horizontally, with 
an Atlas Copco Rocket Boomer 353ES equipped with 64 mm button bits and 
with 10 or 12 foot 1 1/2 inch extension rods. During drilling the applied drilling 
parameters are recorded by a monitoring instrument (Bever 3D Profiler) from 
Bever Control A/S. Drilling parameters are recorded for every 10 cm of hole 
length. The recorded parameters are; 

• Drill hole length 
• Penetration rate 
• Thrust 
• Torque pressure 
• Percussive pressure 

In Hallandsåsen drill monitoring was used to characterize the rock mass in 
terms of strength and fracturing ahead of the tunnel face. Since the rock 
conditions in Hallandsåsen can vary considerably over short distances, the 
emphasis was placed on the potential to support operational decisions in 
day-to-day operations. 

Main objective and limitations of the present study 

Main objectives 

The main objectives of the present study were to; 

• Develop a methodology for the analysis of drill process monitoring data from 
percussive drilling, and to reduce the need for initial calibration with observed 
values. 

• Test the technology for characterization of structural feamres and strength of 
the drilled rock during production drilling in the mining and underground 
industry. 

• Smdy the potential for drill monitoring as a tool for detailed drill productivity 
evaluation. 

Limitations 

This thesis deals only with percussive drilling, used for production, probing 
or pre-investigation of rock. All data were obtained during normal drilling 
conditions, from standard percussive production rigs, where no special steps have 
been taken to promote the analysis and the interpretation. 

Furthermore, the thesis only deals with the analysis and interpretation of the 
monitored drilhng data. For measurement and monitoring of data, different 
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standard monitoring systems, from Transtronic AB and from Bever Control A/S, 
have been used. Instrumentation for drill monitoring is today common and often 
an integrated part of the rig function. Parameters, as well as transducers, are in 
most cases similar in various systems. 
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DATA ANALYSIS 

To predict rock properties based on the response of the recorded 
parameters, many authors, mainly when dealing with rotary drilling, divide 
recorded drilling parameters into two groups: independent and dependent 
parameters (Griffith, 1983; Barr, 1984; and Peck, 1989). The independent 
parameters (such as thrust, rotation speed and air percussion pressure) are 
directly controlled by the drill operator while the dependent parameters (such as 
penetration rate, torque) are related to the response of the drilling system to rock. 

Past analysis approaches and methods used 

Single parameter response 

The earliest approach to analysis of drill monitoring data was based on 
single parameter response as an indication of rock condition. Normally 
penetration rate was used to indicate the quality of the penetrated material. 
Morfeldt et al. (1973) report early use of this technique for the foundation of high 
rise buildings in Stockholm, Sweden. The technique was here used with success 
to locate the solid rock under the overburden. Similar apphcations have been 
reported by Homer and Sherrell (1977). Here, one also aimed at discovering 
cavities and other discontinuities in the rock mass. In order to correlate 
penetration rate with the rock properties, all other drilling parameters were kept 
constant, as much as possible. This type of data analysis has been applied with 
success when there is a substantial difference in rock properties between different 
geological domains (for example between overburden and solid rock). However, 
when the difference in rock properties between different rock types becomes 
smaller or when it is impossible to maintain constant independent drill 
parameters, this type of analysis is not effective. 

Variable interaction between drilling parameters 

In order to handle problems with variable interactions, a fixed relation 
between the drilling parameters (theoretical or empirical) can be used. This has 
been the most common type of analysis for drill monitoring data, as shown in the 
following examples. Pfister (1985) reports successful practical use of several 
relations in rotary drilling based on the required drilling energy. Brown and 
Phillips (1977) have extensively reviewed literature on relations for rotary 
drilling, and Barr (1984) has tested a few of them in his experiments. Results 
obtained have varied from one test to another. Danell (1987) uses a relation 
between recorded drilling parameters in rotary drilling in order to calculate 
uniaxial compressive strength of the rock. Reportedly, this parameter works fairly 
weU in coal mining environments. Leighton (1986) uses a relation between 
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drilling parameters, so called Rock Quality Index (RQI) in rotary drilling. This 
parameter reflects the blasting performance of the rock, and is reported to 
perform satisfactorily. However, in percussive drilling this procedure involves a 
certain risk, since the parameters are not independent, and the dependence is 
sometimes very far from hnear. The existing relations are also often based on 
assumptions of the drilhng process or of the fragmentation of the rock and often 
calibrated against only a few rock types. 

Statistical Methods 

With statistical methods the problem is approached from a different angle. 
Instead of using single parameters, theoretical or heuristic rules to describe the 
property of the rock mass, the data are compared with observed or measured rock 
properties. Based on a calibration data set, statistical models can be designed for 
different rock properties. This approach does not require a detailed understanding 
of the underlying theory, and will provide more accurate predictions compared to 
theoretical or heuristic rules. However, the procedure is site specific and must be 
performed anew for each new drilling site. One major problem with the statistical 
methods is the retrieval of high quahty calibration data. The most common 
techniques are; 

• Core drilling 
• Cutting analysis 
• Geophysical logging 
• Bore hole TV, video, binocular 
• Other visual observations 

Core drilhng normally provides high quahty data that can be further 
enhanced by chemical or rock mechanical testing when the rock is reasonably 
solid. Problems can sometimes be encountered when facing core losses and bad 
rock. Furthermore, the fact that there is always some distance between the core 
hole and the percussive hole can, in comphcated geology, generate analysis 
problems. Measurements of hole deviation in both holes are required in order to 
use the method. Analysis of cutting taken during the drilhng operation can 
provide detailed chemical analysis and also a petrologicai classification. The 
method can, however, not provide any information on structural features and has 
also bad resolution along the bore hole, since samples are only taken for each rod 
or sometimes twice for each rod. The quality of data can also deteriorate due to 
carelessness while blowing the hole between samples. Furthermore, the 
inclination of the hole also influences the quahty of analysis. Geophysical logging 
can provide excellent information on discrete boundaries in the rock mass, both 
for rock contacts and structural features. The accuracy in length along the bore 
hole is very high, and a number of different logs are available in order to 
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maximise the information gain for each specific geological environment, 
(Wänstedt 1992). However, for continuous properties in the rock mass, such as 
grades or rock hardness, the problems are similar to those encountered in drill 
monitoring, and an additional method is required to provide a calibration set. 
With a bore hole TV, video or binoculars a detailed visual geological or 
geomechanical description of the rock can be made. Furthermore, the accuracy in 
length along the hole is high. The major disadvantages are that analysis of rock 
properties, such as grades or hardness, are not available and that the method is 
expensive, slow and personnel demanding. Other visual observations such as 
geological mapping, RQD observations in drifts, etc., can sometimes be used for 
large scale calibrations with drill monitoring data. 

Once a calibration data set is available, different statistical methods can be 
used for the analysis. Some methods used for drill monitoring data are; 

• Pattern recognition 
• Neural Networks 
• Multivariate analysis 

Pattern recognition 

The pattern recognition technique is another possible approach to the 
interpretation of drill monitoring data. Griffiths (1983) used the technique to 
classify different rock types during oil well drilling. Due to the interaction 
between drilling parameters, he treated the parameters as fuzzy variables. In the 
best cases he managed to correcdy classify 70% of the rock mass. Peck and 
Pollitt (1990) used pattern recognition to classify rock as coal, mudstone or 
siltstone based on drill parameter response, in an open pit coal mine in Canada. In 
order to separate the different rock types, single parameter, cross- and 3-
dimensional plotting are used. In general, the 3-dimensional plot gave better 
separation between the three rock types than the other plots. The technique was 
very successful in classifying coal and siltstone, but not mudstone, which in terms 
of rock properties lies between coal and siltstone. In general, the success of 
pattern recognition techniques depends on whether or not the different rock types 
can be adequately separated from each other in terms of drilling response. Peck 
and Pollitt (1990) showed that the separation is more efficient in a three 
dimensional volume than for single or two dimensional plots. Better results may 
therefore be obtained if more than three variables are used in the plot. A general 
problem when trying to separate data groups in a space with more than two 
dimensions is to decide from where to view the data. Viewed from one direction, 
the different data groups may appear to belong to the same population while 
viewed from another direction the differences may clearly be seen. In general, 
pattern recognition techniques appear to be fast and efficient when classifying 
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rock types with major differences in properties. However, the capabilities of this 
technique decrease with the decrease in differences between rock types. 

Neural Networks 

The idea behind a neural networks model originates from the neurones of the 
human brain and is based on our present understanding of biological neural 
systems, (Huang 1997). The technique has successfully been applied in very 
complex problems where many factors influence the process and results. Neural 
networks have been applied in drill monitoring by Petrobloc (1995), in order to 
locate quartz veins in a diorite bedrock in Terra Mining AB's Björkdal mine in 
Sweden. The results were encouraging, but problems with the calibration of the 
model were encounted. In Björkdal the model was calibrated with the core hole 
parallel to the percussive drilled holes. It was concluded that higher accuracy of 
the length registration of the core hole and greater care when drilling the 
percussive holes is required to improve the calibration. 

Multivariate analysis 

Principal Component Analysis (PCA) 

Principal Component Analysis (PCA) was first formulated in statistics by 
Pearson (1901), who formulated the analysis as finding lines and planes of closest 
fit to systems of points in space. Different methods exist for the calculation of 
principal components. One of them, the NIPALS (Non-linear Iterative Partial 
Least Squares) algorithm, was first outlined by Fisher and MacKenzie (1923), 
and rediscovered by Wold (1966). Other different methods to calculate principal 
components have been studied by Ståhle (1987), concluding that the NIPALS 
method is the most convenient, since it converges rapidly, allows incomplete data 
sets, and is particularly well-suited for cross-validation. 

PCA normally forms the basis for multivariate data analysis, and is normally 
used for simplification of a data table, creating models, noise reduction, outlier 
detection, variable and object selection, correlation evaluation, classification, and 
prediction of different features (Wold et al. 1987). The aim of PCA is to find 
directions in the data space that will indicate typical feamres. 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. In most cases this direction will not coincide with any single variable. 

The drilhng data analysed in this thesis are stored in a matrix X with p 
columns relating to the recorded parameters, and n rows relating to different data 
samphng locations along respective holes. In order to weight parameters of 
different magnitudes and variability, the first step is to normalize raw data. In this 
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study, the data have been subjected to column-wise normalization using zero 
mean and unit variance, see Figure 2. 

After normalizing, X can be approximated by one n-dimensional column 
vector t times one p-dimensional row vector c. The c-vector is usually called the 
loading vector, since it contains the contribution of each originally measured 
variable to the model. The t vector is called the score vector because the elements 
in t take the place of each object in the model, t times c is a Principle Component 
model of X i f the sum of squared elements of X (t times c) is minimized. This 
Principle Component model describes the most important pattern in the matrix X. 
t and c are defined for a two dimensional case in Figure 3. 

~L B _ n C D 

Figure 2. Data pre-processing. The data for each variable are represented by 
a variance bar and its centre. (A) Most raw data look like this. (B) 
The result after mean-centering only. (C) The result after variance-
scaling only. (D) The result after mean-centering and variance-
scaling (After Geladi and Kowalski, 1986). 
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l:st PRINCIPAL COMPONENT 

VARIABLE 1 

Figure 3. Scatter diagram of a set of data with measurements taken on two 
variables (after Ståhle, 1987). 

The elements in X are modelled by; 

Xij = ticJ+eij i=l....n,y=l p (1) 

where the matrix contains the residuals not explained by the Principle 

Component model. When model (1) is not sufficient to describe the systematical 
stmcmre of X, it may be possible to extract new c and t vectors from the residual 
matrix. These new c and t vectors are orthogonal and uncorrelated to the previous 
c and t vectors, respectively. The number of significant dimensions (a), with one t 
and one c vector for each dimension, has to be determined. In this thesis cross-
validation (Jolliffe, 1986) has been used. The entire model of X can then be 
written; 

tt 

= X 
k=l 

tikCkj + e i j (2) 
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By plotting the score (t) vectors against each other, one obtains informative 
2-dimensional pictures of the object's configuration in the multi-dimensional data 
space. The effect of each originally measured variable on each score point can be 
identified by studying the loading (c) vectors together with the score vectors. A 
more detailed description of PCA can be found in (Wold et al. 1987) and (JoUiffe 
1986). 

Partial Least-Squares (PLS) regression 

Another fundamental problem when predicting rock properties based on 
drilling parameters is to establish the relations between the drilling parameters (a 
number of dependent variables), and the geological or geomechanical information 
about the rock (a number of dependent rock parameters). In order to find the 
optimal relation it is necessary to make a regression between the structures in the 
multivariate space containing the drilhng variables (X-block) and the multivariate 
space containing the information about the rock (Y-block). The technique used 
here, PLS, is an extension of PCA to include the dependency stmcmre between 
sets of variables. The goal is to find a relation between X and Y such that Y is 
modelled by X (Stähle and Wold, 1986). 

The development of PLS started in the years 1930-1940, when a young 
scientist, Herman Wold, was working on his PhD thesis in the field of 
econometrics. He found that causal (physical) models and predictive regression 
models often differ greatly. This predictive regression model (later called soft 
model) is one that works, meaning it predicts, without needing a strict causal 
relation. Soft models are also able to deal with many variables easily, while 
causal models, by their nature, are limited to a few variables. A mrning point for 
PLS was in 1966 when the NIPALS algorithm was published, Wold (1966). The 
combination of regression and NIPALS led eventually to a first form of PLS in 
1971-1972. However, it took another five years of experimentation before PLS 
was presented in its final form. One of the many properties of PLS that attracted 
the regression user is the fact the ratio of number of objects to number of 
variables is not constrained. This opened the path to data analysis for a lot of data 
sets that previously were put away because they had too many variables and too 
few objects. 

A PLS model can be considered as consisting of outer relations (X and Y 
block individually) and an inner relation (linking both blocks). Like in PCA, the 
elements in the X-block can be modelled by 
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and the elements in the Y-block by 

Y i j = » i h + e i j y C4) 

The inner relation can then be found by looking at a graph of the t-vector 
against the u-vector. The simplest model for this relation is a linear one. Thus, 

u — dt (5) 

where d is the regression coefficient. This model, however, is not the best 
possible, since the principal components are separately calculated for both 
blocks, and therefore have a weak relation between them. In this model the best 
possible correlation is obtained by a simultaneous calculation of t and u in the 
PLS algorithm, so that the components become slightly rotated and lie closer to 
the regression line. 

Figure 4. Geometrical illustration of the PLS method (after Carlson, 1986). 

When models (3), (4) and (5) are not sufficient to describe the systematical 
stmcmre of X and Y, it may be possible to extract new components from the 
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residual matrix. The number of significant dimensions (a) has also here been 
determined with cross-validation. 

For a one-dimensional Y, PLS may simply be thought of as fitting a line to 
the data by PCA and then tilting the line slighüy so that a better correlation 
between the Y-variable and the t-scores is achieved. If Y has more than one 
dimension, PLS may be regarded as fitting one Principle Component to X and Y 
respectively and then tilting both Principle Components so that the correlation 
between the scores is improved (Stahle, 1987). Thus, the general properties in 
PCA and PLS are the same. The main difference is that in PLS, the knowledge 
about the design of an experiment is allowed to affect the direction of the 
components. Differences between a control group and a treatment group that are 
of a subtle nature may therefore be detected by PLS but not by PCA (Stähle, 
1987). 

When a model has been created for the relation between the X-block and Y-
block, new objects defined by the variables in the X-block can be used to predict 
the values in Y. Since both the model and the new object are well-defined in the 
multivariate space, the distance between them can be calculated. This distance is 
called "Distance to Class" (DCL), and indicates how well the data point fits the 
model. A small DCL value indicates a high similarity between the point and the 
data set used to create the model, and will therefore also indicate a more reliable 
prediction. The converse is also tine. 

The calculations done in this thesis are all performed with a commercial 
software package called SIMCA. SIMCA uses the NIPALS method (Wold, 
1966) to calculate components. 

Suggested analysis strategy 

The goal of the analysis is to describe the properties of the rock mass as 
accurately as possible. 

However, the ambition is also to minimize the need for calibration, since the 
methods available for rock characterization always face inaccuracies and 
problems with resolution and spatial correlation. Even if the statistical methods 
described are good for evaluating and modelling the calibration between rock 
properties and drilling data, the methods used are never better than the training 
data set available for calibration. 

In order to meet the goals the first step is to separate raw data into rock 
dependent variation and variation due to external influences. Raw data are always 
disturbed by a significant influence from the operator, who adjusts the drill 
settings in order to achieve the best drilling result. Furthermore, the advanced 
control system on a modem drill rig adjusts drill parameters independentiy to 
avoid drilling problems and damage to the drill string and machine (Almqvist and 
Harnrin 1993). 
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The method of dependent parameter analysis suggested and tested in the 
thesis is based on a step-wise normalisation of raw drilling data. Initially the drill 
hole length dependent variation of drilling parameters is eliminated. Secondly the 
variation due to differences in thrust is normalized. Finally the influence of 
penetration rate on the torque pressure is removed from the data. The procedure 
will provide a normalized, rock dependent penetration rate independent of 
variation in drill depth and thrust. The normalized torque pressure will also be 
independent of hole depth and thrust and will, furthermore, not be affected by the 
penetration of buttons into the rock matrix. The normalized parameters will form 
a better basis for predictions of material properties, such as rock hardness and 
fracturing, and any other additional analysis (Paper I). 

Apart from the magnitude of each parameter the variability of the parameters 
is important. In a solid and non-fractured rock the parameters normally show an 
even pattern, while in fractured rock they demonstrate uneven behaviour. Drill 
system responses to fracturing have been studied by several authors, Barr (1984), 
Pfister (1985), Scoble and Peck (1987). In general the magnitude of both 
penetration rate and torque pressure is influenced by inhomogeneity and 
fracturing. However, the relationship for both parameters is complicated and can 
vary depending on site specific conditions. Peaks of the curves (variability) 
normally provide a simpler and more straight forward relation to fracturing. 
Therefore, it is likely that parameters explaining the variabihty of the data can 
provide additional valuable new information about the structural geometry of the 
rock mass that can improve predictions of rock properties (Paper III). The 
variability of penetration rate and torque pressure is calculated as a moving value 
over certain hole sections along the holes. The variabihty of the penetration rate is 
given as: 

The variability of the torque pressure is given by an analogous expression. 
The analysis performed throughout the thesis is based on: 

• normalized penetration rate 
• normalized torque pressure 
• variabihty of the normalized penetration rate 
• variabihty of the normalized torque pressure 

PR 
PR 
PR, •avr 

- Penetration rate variability 
= Registered penetration rate 
= Average penetration rate in interval 
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The above analysis can be conducted without any prior knowledge of the 
rock property. The analysis has only secured that each parameter reflects rock 
property dependent variation, and not variations due to external influences. 
However, the analysis required a minimum amount of monitored data in order to 
secure stable models. 

In order to transfer the data from drill parameters into more descriptive rock 
parameters an initial PCA analysis has been performed for the sites in 
Glödberget, Viscaria and Hallandsåsen. The loading plots of the first and second 
principal components for each site are shown in figures 5 to 7. 
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Figure 5. Loading plot of the first and second principal components for drill 
parameters from Viscaria copper mine in Sweden. The first 
component captures almost 40 percent of the data variation, while 
the second captures 26 percent. 
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Loading plot of the first and second principal components for 
drilling parameters from Glödberget tannelling site in Sweden. 
The first component captures almost 55 percent of the data 
variation, while the second captares 20 percent. 
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Loading plot of the first and second principal components for 
drilhng parameters from the Hallandsås project in Sweden. The 
first component captares almost 40 percent of the data variation, 
while the second captures 29 percent. 
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The similarities between the loading plots are obvious. The variabihty of 
penetration rate and torque pressure are fairly well correlated in all three sites. 
Furthermore, both parameters, for all three sites, are basically un-correlated to 
both penetration rate and torque pressure. In the plot from Glödberget the 
fracturing given as RQD (Rock Quahty Designation), see Deere (1963), is shown 
together with the other parameters. The RQD is negatively correlated to the 
variabihty, meaning that less fracmring gives smother curves while fracmring 
generates uneven behaviour for both penetration rate and torque pressure. 

The only major difference between the three plots is that both Viscaria and 
Hallandsåsen have a negative correlation between penetration rate and torque 
pressure, while in Glödberget they are essentially correlated. 

From a geomechanical point of view there is a major difference between 
Glödberget on one hand and Viscaria and Hallandsåsen on the other. The entire 
tarmelling site at Glödberget consists of a uniform rock type, a grey, medium to 
coarse-grained granite, slightly foliated and with a pronounced sheeting. From a 
drilhng point of view the mechanical variation of the rock matrix is hmited and 
the major variations are due to variations in fractaring of the rock mass. In 
Viscaria and Hallandsåsen there is a considerable variation of rock strength 
within the area. In Viscaria the mechanical properties of the rocks vary from the 
soft carbonate rock and black schist over the intermediate tuffite and greenstone 
to the very hard chert and felsite. In the Hallandsås tunnelling site the variation in 
rock types is limited, but a relatively strong deep-weathering has in some areas 
strongly affected the rock strength. In the weakest sections the uniaxial 
compressive strength is in the range of 0.2-1.0 MPa. However, within the 
weathered rock mass, fresh core stones are regularly encountered, making the 
overall conditions heterogeneous. 

In fractured rock, both penetration rate and torque pressure generally 
increase compared to drilhng in unfractared rock. Fractaring increases the 
rotation resistance of the bit, registered as an increased torque pressure. 
Fractaring also promotes penetration rate up to a certain level. Above this level, 
in severe faults, etc., stalling effects and flushing problems are registered resulting 
in reduced penetration rate, see figures 9 to 11 in Paper I. In Glödberget, 
however, where the drill parameter variation is dominated by normal fractaring 
and the entire tunnel is excavated in the same rock type, a correlation between 
penetration rate and torque pressure is expected, see figures 1 and 3 in Paper III . 

In Viscaria and Hallandsåsen, where the drill parameter variation is 
generated by a large variation in rock strength in addition to fractaring, a negative 
correlation between penetration rate and torque pressure is seen. Since the 
normalized torque pressure is independent of bit penetration, wall effects and 
thrust, it is to a greater extent related to the softness/hardness of the rock. 
Normally, the weaker/softer and less resistant to penetration the rock is, the 
larger the penetration rate. As the rock becomes less competent, the buttons of 
the bit tend to break away rock chips as the bit is turning instead of shding out of 
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the generated craters without rock deformation. The softer the rock, the larger the 
pieces that break away. The drilling process gradually moves from percussive 
drilhng, where all rock removal is generated by impacting, towards rotary drilhng, 
where thrust and torque alone can break the rock. The result of this, registered by 
the recorded parameters, is a reduction in torque pressure in relation to the torque 
pressure needed to move the button out of the crater with no rock deformation or 
breakage, se figures 9 to 11 in paper I. The pattern found in Viscaria and in 
Hallandsåsen, with a negative correlation between penetration rate and torque 
pressure, therefore indicates that the drill parameter variation is dominated by a 
variation in rock strength (hardness). 

Based on the loading plots from each individual test site the monitored data 
have been transformed into two different rock property parameters. A hardness 
parameter dominated by the penetration rate/torque pressure interaction, and a 
fracmring/homogeneity parameter dominated by variability of each parameter. 
The hardness parameter, used in Viscaria (Paper II) and in Hallandsåsen (Paper 
TV), provides a good separation of rock types with different strength as well as 
for different weathering conditions. The fracturing/homogeneity parameter, used 
in Viscaria (Paper II), in Hallandsåsen (Paper IV), and in a modified form in 
Glödberget (Paper HI), shows in Glödberget a close correlation to Fracmring 
(RQD). In Viscaria this parameter together with the hardness parameter provide 
in most cases enough separation between the different rock types present to make 
a direct rock type classification. 

The major advantage of the suggested analysis is that it can be conducted 
without calibration with known rock properties. However, in all projects an 
additional step of analysis has been conducted, including calibration with known 
mechanical properties of the rock mass or classification of known geology. 
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MINING APPLICATIONS 

In the mining industry, a detailed knowledge of the extension of the ore body 
is one of the most important factors both for production planning and ore reserve 
estimation. In the OSCAR area in the Kiirunavaara ore body the hanging wall 
rock consists of quartz porphyry. The hanging-wall, between the ore and the side 
rock, consists of a contact zone of varying thickness. In order to characterize the 
penetrated rock, samples of cuttings were taken for every drill rod during the 
drilling operation. Using the analysed cuttings and PLS regression, a model was 
designed for the iron content based on monitored drill parameters, Schunnesson 
(1990). In figure 8 the predicted iron content, together with analysed cutting 
samples, is shown for a sample hole through the hanging wall rock. In the figure 
the hanging wall contact can clearly be recognized at a depth of 5.5 m. A possible 
layer of side rock between 4 and 4.5 m can also be identified. The thickness of 
the contact zone is approximately 3 m. However, since the bore hole penetrates 
the hanging wall at an oblique angle, the true thickness of the contact zone may 
be less. 

70 
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Figure 8. Prediction of iron content for the contact zone between ore and 
side rock. The cutting analysis is given as a reference. 
Schunnesson (1990). 

When mining narrow ore bodies, the ore boundaries are of equal or greater 
importance for production planning. Dislocation of the contacts can here lead to 
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unacceptable ore loss and waste rock dilution, and may jeopardize the entire 
mining economy. In Zinkgmvan, the drill monitoring data were calibrated using 
geophysical logging, (Malmström and Schunnesson 1992). The log used was: 

• Natural Gamma log 
• Density (gamma-gamma) log 
• Susceptibility log 

In figure 9 the density and susceptibility logs are compared with a model 
based on drill parameters. Since the density of the ore is higher than that of the 
side rock, the density log shows a clear response to the ore zone. However, a 
consistent zone of skam, following the foot wall side of the ore body, was also 
characterized by a higher density. Therefore, the susceptibility log, sensitive to 
skam, was used in combination with the density log to distinguish the true 
location of the foot wall contact. However, the foot wall location provided by the 
two geophysical logs could, more or less, also be provided by drill monitoring, 
saving both time and money. Furthermore, the resolution of the drill monitoring 
data was 1 cm, providing a very exact location of the boundary. 
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Figure 9. Comparison between geophysical logs and a drill monitoring 
model, for a bore hole through the ore zone in Zinkgmvan. 
Malmström and Schunnesson (1992). 
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In Viscaria (Paper II) the ore geometry delineation is more complicated 
since the ore boundaries do not strictly follow the lithology. The ore grades are 
given by core drilling in intervals of 10 to 25 metres. Analysis of cuttings also 
provides values for the ore grades, but these values are not considered reliable 
enough to be used for ore calculations. The exact knowledge of both the 
lithological boundaries and the ore boundaries in the core hole, together with the 
lithological boundaries extracted from percussive hole, provides a good 
foundation for practical ore delineation. 

The entire analysis, see figure 10, is given as a hardness and a homogeneity 
parameter. Furthermore, these two parameters together create a foundation for a 
direct rock type classification. For example, figure 10 shows how the initial 
geological boundaries, based on core drilling and geological mapping of drifts, 
have been modified based on the new data from drill monitoring. 

At all three sites the hthological boundaries have successfully been located 
by drill monitoring, calibrated with different methods. At Viscaria, the initial 
analysis provides a measure of two different mechanical properties of the rock 
mass (hardness and homogeneity). These two parameters together with the 
existing knowledge of the lithology in the ore zone, have facilitated a good 
characterization of the rock types present, in terms of mechanical properties, from 
drill monitoring. In the next step the drilling response can alone be used to 
foresee different rock types. The procedure does not require calibration with 
other methods used in the hole, but must be based on a detailed co-operation with 
the geological expertise at the site. 

From a production point of view, it is, of course a major benefit to have a 
direct classification which would enable a reduction in both work and analysis 
time. However, there are a few major drawbacks with the procedure; 

• During abnormal drilhng, in very fractured rock for example, classification 
errors may occur. 

• External influences, such as quality of bits, rods, etc., may influence the rock 
type classification. 

• Since the algorithm is based on "typical" rock types, divergencies from the 
norm create classification errors. In reality, rock types are often not very 
"typical". 

In many environments with less complicated geology than Viscaria and with 
a more defined ore contact recognition, a direct classification would be very 
successful. However, in mines with complicated geology where rock types with 
subtle differences in mechanical properties and ore contacts do not follow the 
geological boundaries, it is more rehable to present the hardness and homogeneity 
parameters along with the rock type classification. 
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Figure 10. The result from the drill monitoring for bore hole M44 in Viscaria. A 
successive transition between black schist and graphitic tuffite is 
often seen in Viscaria and may explain the difference at the end of the 
hole. 

28 



T U N N E L L I N G APPLICATIONS 

In tunnelling operations the information required is somewhat different from 
the information needed in the mining industry. In the mining industry, information 
of ore delineation from drill monitoring is added to other geological information 
to form the foundation for both short and long-term production planning. Since a 
mine normally operates with several parallel production sites, and with a certain 
time gap between planning and production, the quahty of data is normally of 
higher concern than the speed with which results can be obtained. 

A tannelling operation, on the other hand, is based on a sequential operation, 
where a number of activities (drilling, blasting, loading, reinforcement, etc.) are 
repeated in order to achieve a certain production rate. Of major concern for 
achieving a high production rate are the optimization of activities at the 
production front and the minimization of "unproductive" activities. It is also 
important, for any method used, that the results are made available quickly if they 
are to be of use in the decision process. 

In the projects at Glödberget (Paper HI) and Hallandsåsen (Paper IV), the 
fracmring model and hardness model used showed high correlation with observed 
rock conditions. At Hallandsåsen a software system for modelling and graphical 
presentation of rock conditions was developed and implemented within the 
organization on site. The system can generate the results well in time to be a part 
of the decision process. The major gain, from the user's point of view, is that drill 
monitoring is fast, practical and does not demand any additional equipment, time 
or access to the front. 

The rig in Glödberget had no automatic positioning of the booms, while in 
Hallandsåsen the exact location of all holes (assuming straight hole) were directly 
available in the data files. At Glödberget this lead to a standardized probing fan 
including five holes. Each hole was assumed to occupy a specific location in the 
face and was also assumed to have been drilled from a perfectly plane tunnel 
face. The deviation from this assumed location could not be exphcitly defined. At 
Hallandsåsen each included hole was defined by a starting point (x0, yo, zn), and 
an ending point (xi, yi , zi). This facilitated a complete freedom in data 
presentation in terms of number of holes used, location of holes and location of 
the plane for graphical presentation. This also reduced the work, since location of 
each hole in Glödberget had to be externally defined, while in Hallandsåsen this 
was automatically done by the interpretation system. This also lead to a more 
universal system in which any type of drilling could generate data for rock 
characterization. 
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D R I L L P R O D U C T I V I T Y E V A L U A T I O N 

Paper V presents a procedure for evaluating the drill performance based on 
drill monitoring. During production drilling, time, drill hole depth and penetration 
rate are continuously recorded and stored. After analysis these data can provide 
detailed information on each sequence of the drilling cycle, as well as the total 
time consumption for every activity. 

Since the activities in the drilUng cycle (drilling, rod handhng, moving, 
stoppages) are subjected to stochastic variation, due to factors related to operator, 
rock strength, fractures, conditions of the rig, rod, bits, etc., each activity is more 
correcdy represented by a time distribution. Once the distribution for each 
activity has been established, the distribution of the total production can 
accurately be modelled. 

With the results from the evaluation, an indication can easily be given as to 
how the overall drilhng capacity can be increased and which activity should be 
emphasized. Furthermore, the impact on production of automation, new 
developments and organization can be predicted with high accuracy. The 
production rate can also be evaluated based on the true distribution, instead of 
average values or best-day results, which are often used. 

It is also important to bear in mind that the drill performance evaluation 
shown in Paper V is done with the same data that is used for rock 
characterization, and additional hardware is not required. 
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CONCLUSIONS 

This thesis deals with the interpretation and usage of percussive drill 
monitoring data recorded during normal production drilhng. Recorded data have 
been used for delineation of ores, characterization of rock properties and for drill 
productivity evaluation. Independent of the apphcations, the same raw data are 
generated by similar measurement systems. Major registered advantages with 
drill monitoring are; 

• No disturbance of production. Since drill monitoring is performed 
automatically during the ordinary drilling operation, the measurement does not 
cause any disturbance and does not occupy the production front as other 
methods would. 

• Fast. Since the data are monitored in a digital form and the analysis on an 
ordinary computer only takes a few minutes, the method may be an easily 
integrated part in a decision process. 

• Inexpensive. The operational cost is almost neghgible once the instrumentation 
and the interpretation module are installed. Since monitored holes are normally 
used in production, the cost does not include the cost for the drilling operation. 

• A larger number of sampling points can provide data for statistical analysis of 
the spatial correlation in the rock mass, i.e., to determine a specific semi-
variogram. This also increases the reliability of the 2-dimensional maps based 
on random spaced point measurements. This operation is difficult and 
expensive when using for example core drilling. 

• The geological prognoses can be made objectively and consistendy throughout 
a complete project. 

A general hmitation with drill monitoring is that it only provides point 
measurements along the drilled hole. Any point beside the hole is not defined and 
will therefore introduce uncertainties in the analysis. If the sampled drill holes are 
few, and the geology heterogeneous, the uncertainties may be large. However, 
most other investigation methods also suffer from this hmitation. Nevertheless, 
with drill monitoring the resolution of data is often much better, especially when 
data are extracted from closely spaced production holes. 

Drill monitoring provides a rock characterization based on the mechanical 
properties of the rock. The parameter hardness is a drilling hardness parameter, 
and the correlation with classical parameters, such as uni-axial compressive 
strength, is not explicitly defined. Also, fracmring is based on drilling response, 
meaning that closed fractures, crossing over the hole, are often ignored by the 
monitoring data. As well, drilling problems, such as broken bits, create 
interpretation problems. It is therefore important to maintain a geological or rock 
mechanical view and not blindly rely on the drill monitoring results. 
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The method is not umversal, meaning that for every new site, a new 
interpretation model must be designed, even if there are some fundamental 
correlations. However, it has been shown in the thesis that detailed correlation 
data are not always required. 
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A B S T R A C T 

Despite considerable advantages such as reliable hardware, no disturbance 
in production, fast analysis and presentation of results and very low operational 
cost, the use of percussive drill monitoring to retrieve geological and 
geomechanical information about the drilled rock has not become a standard 
investigation tool in the underground industry. One major obstacle is the analysis 
of data. The monitored "raw" data are disturbed by a significant influence from 
the operator, who often adjusts the drill settings in order to achieve the best 
drilling result. Furthermore, the advanced control system on a modem drill rig 
adjusts drill parameters independently to avoid drilling problems and damage to 
the drill string and machine. In order to use percussive drill monitoring in 
industrial apphcations, the performed analysis must be able to handle variations 
among monitored drill parameters, but still separate rock dependent variation 
from other influences on the monitored drilhng data. Once the external influences 
on the drilhng data have been normalised only leaving the rock dependant 
variation, rock properties can be predicted using theoretical or heuristic relations 
or calibrated with observed rock conditions using statistical analysis. The method 
of analysis suggested in this paper is based on a step-wise normalisation of raw 
drilling data, where hole length dependent variation initially is removed, followed 
by a normalisation of the thrust dependent variation, and finally, by removing the 
influence of penetration rate on torque pressure. The analysis shows that major 
classification errors can be made if raw data is used instead of normalised data. 
The technique is applied on modem drill monitoring data from three different 
drilhng sites, in crystalline rock masses in Sweden. The drill data selected were 
obtained during normal drilling conditions, where no special steps had been taken 
to promote the analysis or the interpretation. Examples from each site show good 
potential to predict ore boundaries and fracmring based on normalised drill 
parameters from percussive drilling. 
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1. INTRODUCTION 

During the last decade, the use of microprocessor-based drill monitoring 
equipment to permit scanning, measurement, processing and storage of drill 
performance parameters has become an accepted technique, Pfister [1], Peck and 
Vynne [2], Schunnesson [3]. On the basis of the recorded drill performance, such 
as penetration rate, torque pressure, thrust, a fast and early evaluation of ground 
conditions can be made. Percussive drill monitoring can provide detailed 
information on hardness, fracmring and weathering of the rock mass, 
Schunnesson [4], as well as localisation of ore and rock type boundaries, 
Schunnesson [5], with high resolution and accuracy. 

There is a great potential in using the information collected from percussive 
drill monitoring to characterise rock, since this drilhng technique is inexpensive 
and frequently used both in the mining and the construction industries. Since drill 
monitoring is performed during the drilling operation the measurement does not 
cause any disturbances in production and does not occupy the production front as 
other methods would. Another major advantage is the speed at which the result 
can be presented. Since the data is monitored in digital form and analysis on an 
ordinary computer only takes a few minutes, the method can be made an 
integrated part in a decision process in, for example, a tannelling operation. 
Finally, the operational cost for drill monitoring is almost neghgible once the 
instrumentation and interpretation module is installed. 

Despite the obvious advantages, and the major achievements that have been 
seen in the field of drill monitoring hardware over the last decade, both among 
drill manufacturers and independent companies, the method has not become a 
standard investigation tool in the underground industry. 

A major obstacle is the analysis of data. The monitored "raw" data that 
should reflect the variation in the drilled ground, are disturbed by a significant 
influence from the operator, who often adjusts the drill settings in order to 
achieve the best drilhng result. Furthermore, the advanced control system on a 
modem drill rig adjusts drill parameters independently to avoid drilling problems 
and damage to the drill string and machine, Almqvist and Harnrin [6]. 

In the past analysis problems were solved by using a single parameter 
response, often penetration rate, see for example Homer and Sherrell [7]. In order 
to correlate penetration rate with rock properties, all other drilling parameters 
were, as far as possible, kept constant. However, to demand constant drill 
parameters in production drilhng over large areas (in mines or other large 
underground constructions) with several different operators, is impossible and not 
very realistic, since the optimal settings of drill parameters vary extensively. 
Furthermore, the control system automatically adapts to variations in rock 
conditions in order to optimise the drilling results. 

In order to use percussive drill monitoring to characterise the drilled rock in 
industrial apphcations, the performed analysis must be able to handle variations 
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among monitored drill parameters, but still separate rock dependent variation 
from other influences on the monitored drilling data. Once the external influences 
on the drilling data have been normalised, only leaving the rock dependant 
variation, rock properties can be predicted using theoretical or heuristic relations 
or calibrated with observed rock conditions using statistical analysis. 

The method of analysis suggested in this paper is based on a step-wise 
normalisation of raw drilling data. The technique is applied on modem drill 
monitoring data from three different drilling sites, in crystalline rock masses in 
Sweden. The drill data selected were obtained during normal drilling conditions, 
where no special steps had been taken to promote the analysis or the 
interpretation. Data were collected during production drilling in two cases and a 
drilling operation for reinforcement purposes in one case. 

Data from both ITH drilling and top hammer drilling are analysed with hole 
lengths varying from 10 to over 50 m. The three sites are located in different parts 
of Sweden, but all three are in crystalline rock. Examples are given on final 
results after initial normalisation and statistical calibration with observed rock 
properties. 
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2. T E S T S I T E S 

Drilling data from three different test sites in Sweden are analysed. These 
sites are; 

OSCAR area in the Khmnavaara iron mine 
Glödberget tannelling site 
Zinkgmvan mine 

Kiruna "V 

J Glödberget 
my 

Zinkgruvan 

/ ( 

• r f 

Figure 1. The location of the test sites in Sweden. 
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2.1 OSCAR area in Kiirunavaara 

The OSCAR area is located in the central part of LKAB's Kiirunavaara iron 
ore mine in Kimna. In this area, the traditional sub-level caving method has been 
replaced by the sub-level stoping method in order to reduce development work. 
The area is divided into 4 stopes by intermediate pillars. Each stope is 
approximately 30 m by 30 m in width and between 60 and 80 m in height. 

The ore generally consists of high grade magnetite with very low content of 
accessory minerals. The most significant polluting minerals are apatite and 
amphibole. 

The production holes in the area were drilled downwards (60 degrees from 
horizontal) using an Atlas Copco COP 42, a 4.5" ITH hammer. The drill rig was 
equipped with 4.5" diameter button bits and 1875 mm drill tubes with an outer 
diameter of 76 mm. During the test, the apphed drilhng parameters were recorded 
by an INCLINATOR Type 93 instrument, from Transtironic AB. The parameters 
were recorded for every 10 mm of hole length for a total length of 5118 m. The 
recorded parameters were; 

Time when data are recorded 
Drill hole length 
Penetration rate 
Rotation speed 
Thrust 
Air percussion pressure 
Torque pressure 

In the OSCAR area, drill monitoring was tested both for structural 
characterisation of the rock mass and for grade control. The stmcmral 
characterisation was focused on major faults jeopardising stability of stopes and 
pillars. The grade control evaluation concentrated both on high-low phosphoms 
contacts and hanging wall locations. 

2.2 Glödberget 

At Nyåker, south of the Ore river in Västerbotten county, a 1680 m long 
railway tunnel was excavated for Swedish National Rail Administration. The 
excavation was done with conventional drilling and blasting, to a cross sectional 

area of 67.5 m^. Due to the high watertightness requirements of the completed 
tunnel, five 20 m long sounding holes were drilled in advance of the tunnel face. 
These five holes were part of the more extensive drill fan used for concrete 
reinforcement, to be completed if needed. 
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The tunnelling site at Glödberget consists of a gray, medium to coarse 
grained granite, slighdy foliated and with pronounced sheeting. Fractures with 
clay alteration were present. The drilling was done horizontally or near 
horizontally with an Adas Copco COP 1238, equipped with 51 mm button bits 
and 1 1/4 " (32 mm) and 10 foot M-F extension rods, with an outer coupling 
diameter of 44-45 mm. During the drilling of sounding holes, the applied drilling 
parameters were recorded by a DEVILOG instrument, from Transtronic AB. The 
parameters were recorded for every 10 cm of hole length for a total length of 
7,667 m. The recorded parameters were; 

Drill hole length 
Penetration rate 
Thrust 
Torque pressure 

In Glödberget drill monitoring was used to characterise the rock mass ahead 
of the tunnel face. The major concern was structures and faults influencing the 
drifting and reinforcement procedure. 

2.3 Zinkgruvan 

In Zinkgmvan, drill monitoring was tested to indicate major faults in the 
hanging wall, causing major problems for the mining activities, and to 
characterise the ore zone. 

In Zinkgmvan, the ore zone consists of massive Zn-Pb-Cu-Ag sulphide ores 
and banded iron-formations in volcano-sedimentary complexes. The hanging wall 
rock is dominated by a calc-silicate bedded metatuffite that consists of 0.5-1 cm 
thick alternating layers of quartzite, quartzitic metataffite, and diopside-calcite-
garnet rock. The rocks show a very fine internal lamination. Beds of massive 
metataffite and marble occur intercalated in the rock The grain size in these 
rocks can vary from relatively fine grained to coarse grained. 

In Zinkgmvan, the holes were drilled in fans, from near horizontally to near 
vertically. The drilhng was done with a Boart 160 rock drill, equipped with 64 
mm button bits and extension rods. During drilling, drill parameters were 
recorded by a Bever Control A/S monitoring instmment. The parameters were 
recorded for every 10 cm of hole length for a total length of 1,925 m. The 
recorded parameters were; 
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Drill hole length 
Penetration rate 
Thrust 
Percussive pressure 
Torque pressure 
Total hydrauhc pressure 
Voltage 
Current 



3. D R I L L P A R A M E T E R NORMALISATION 

In all drill monitoring, the response from the penetrated rock is added on top 
of the variation generated by the drilling system itself, the hole length, and the 
systematic variation between drill parameters. However, variations caused by 
changes in rock conditions normally vary along the hole as the bit penetrates rock 
material with different strength and fracmring. Other types of variations, on the 
other hand, are systematic changes with e.g., hole length and thrust. 

By using averages based on large numbers of drill response data from a 
single drill system, the unsystematic variation caused by variations in rock 
conditions is evened out, while the systematic variation caused by the drill system 
remains. Once the pattern of the systematic variations is established, these 
variations can for every new hole initially be removed from the drill log, so that 
the continued analysis is based only on drill data variation caused by variations in 
the properties of the rock. 

In order to average and sort out systematic variations, different paths can be 
followed. One problem is that the drill parameters used are not independent but 
instead correlated to each other. For example torque is dependent on both hole 
length and penetration rate. However, since penetration rate is also dependent on 
hole length, it is difficult to separate hole length dependent torque from 
penetration rate dependent torque. However, since the intention here is to 
separate drilling parameters from all systematic variation, the exact interpretation 
of intermediate results is not required. Thus, torque has to be separated from both 
hole length dependent variation and penetration rate dependent variation in order 
to be a useful parameter for rock characterisation. 

3.1 Drill parameter variations versus hole length 

In all drilhng, hole length dependent variation of drilling parameters is noted. 
The declining trend of penetration rate with hole length is due to a number of 
reasons. The most significant are; 

• At drill string joints in top hammer drilhng, only a certain fraction of the 
incident stress wave energy towards the joint is transmitted directiy through 
towards the bit, Lundberg [8]. A certain part of the energy is reflected in each 
joint. 

• - In In-The-Hole (ITH) drilling the air pressure over the drill hammer 
decreases as the hole length increases, due to pressure drop both inside the 
drill tube and back pressure outside the drill string. The reduction of available 
pressure over the hammer reduces both impact energy and impact frequency. 

• The flushing efficiency decreases as the hole length increases. 
• Bit wear 
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Normally, the variation of thrust is due to addition of drill rods as the hole 
length increases. Depending on whether the hole is drilled upwards or 
downwards, an increased or decreased thrust is registered with increasing number 
of rods. For modern drill rigs, the thrust is normally controlled by micro
processor units, which are designed to maintain a constant force on the bit, 
independent of hole length and hole direction. However, for an un-controlled 
drilling process, or when the automated control unit is disconnected, the operator 
often increases the thrust when the length of the hole increases. For an automated 
system, the operator may also vary the thrust with hole length if parameters such 
as weight of rods or hole inclination are incorrectly set. 

The torque pressure variation versus hole length is influenced by two 
contradictory phenomena. Due to reduction in penetration rate with increasing 
hole length, the required torque pressure to turn the drill bit will decrease. On the 
other hand, the frictional resistance between drill rods and hole walls increases 
with increase in hole length. Furthermore, an increased or decreased trend in 
thrust will also affect the variation of torque pressure with the length of the hole. 

For the three test sites the average parameter values over the entire data 
volumes, versus hole length, are presented in figures 2 to 4. 
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Figure 2. Variation of the average penetration rate, torque pressure and 
thrust versus hole length for the drilling operation in the OSCAR 
area in the Kiirunavaara mine. The dotted lines in the figures are 
the calculated regression line for each parameter. 
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Figure 3. Variation of the average penetration rate, torque pressure and 
thrust versus hole length for the drilling operation in Zinkgruvan. 
The dotted lines in the figures are the calculated regression line 
for each parameter. 
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Figure 4. Variation of the average penetration rate, torque pressure and 
thrust versus hole length for the drilling operation in Glödberget. 
The dotted lines in the figures are the calculated regression line 
for each parameter. 

For all three drilling sites, the penetration rate has a declining trend with 
increase in hole length, as expected. Thrust shows a slight increasing trend for all 
three sites, which is also in agreement with earlier experiences. Torque pressure, 
has an increasing trend in Zinkgmvan but a decreasing trend in both Glödberget 
and in the OSCAR area. However, since torque pressure is affected by both the 
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penetration rate and the thrust, the general trend for torque pressure can be both 
positive and negative depending on the influence of each parameter. 

At the beginning of each hole, reduced thrust force is normally used for one 
or two rods, which also influences the penetration rate. 

In order to normalise the data for hole length dependent variation a 
regression hne is calculated for each test site (the dotted hnes in figure 2 to 4). 
The normalisation, based on the regression line, is then performed so that all 
drilhng is assumed at zero depth. 

3.2 Thrust-Penetration rate 

The purpose of thrust in percussive drilling is to ensure that the percussion 
energy is transmitted to the rock. This means that the thrust keeps the bit in 
contact with the bottom of the drill hole when the stress wave reaches the drill 
bit. Furthermore, the thrust shall also keeps the rock drill in contact with the 
shank to ensure that every blow reaches the drill steel, and that the rods are in 
contact with each other. 

The relationship between thrust and penetration rate has been studied by 
many authors, for example Cheetham and Inert [9], Fish [10], Paone et al [11], 
Brune [12], Hustrulid [13], Schmidt [14], Unger and Fumanti [15], Atlas Copco 
[16], Pearse [17], Tamrock [18], Nordlund [19] and Sinkala [20]. The general 
relation is that the penetration rate increases with thrust until a peak penetration 
rate value is reached. As the thrust increases further, the penetration rate will fall 
again until the drill finally stalls. This general trend has been seen in a number of 
field and laboratory smdies, as well as in computer simulations. 

At low thrust the bit will not be in constant contact with the bottom of the 
hole. Consequently, only a little of the impact energy is transmitted to the bit and 
rock, the rest is reflected within the drill string. The energy transmission through 
the drill string is also inefficient as the couphngs tend to loosen so that the ends of 
the rods are no longer in contact with each other. Hustrulid [21] also showed that 
low thrust results in free rotation of the bit and poor chip formation. 

At higher thrust the torque required for bit rotation increases, and sometimes 
a reduced RPM is noted. Pearse [17] also showed that excessive feed pressure in 
jointed rock causes rod jamming, and in weak rock the bit action cannot break the 
rock sufficiently for removal by the flushing medium. This also results in jamming 
and slow penetration. 

The optimum feed varies according to percussion power, the properties of 
the rock, bit size and type, and size of drill steel. Hustrulid [13] defined the 
optimum thrust to be the thrust at which near-peak penetration rate is obtained 
without excessive bit wear being caused. The theoretical estimation of minimum 
thrust required to maintain bit contact with rock before arrival of a succeeding 
stress wave has been presented by Simon [22], Hustrulid [21] and Sinkala [20]. 
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3.3 Thrust-Torque 

The purpose of torque, in percussive drilling, is to ensure the rotation 
between succeeding blows from the impact mechanism so that the bit, for every 
blow, works on a new part of the bottom of the hole. The torque required to mm 
the bit is mainly dependent on the bit resistance at the bottom of the hole and 
ffictional resistance between drill rods and hole walls. 

Pearse [17] states that the torque exerted by the rotation motor will be 
directly affected by the feed pressure, and that there exists a definite relationship 
between feed pressure and the torque. In figure 5, the general relation between 
thrust and torque for weak, medium and hard ground is shown. The curves show 
a significant change in direction at the point of peak penetration. 

Torque 

Weak ground 

Feed thrust 

Figure 5. Relationship between torque and feed thrust for weak, medium 
and hard ground, Pearse [17]. 

Sinkala [20] showed that before the peak penetration rate occurs, the torque 
or equivalent torque pressure depends mainly on the penetration rate. At higher 
thrust drill string deflection, the friction between drill string and walls of hole 
becomes an additional source of torque. 

For the three test sites the relation between the average penetration rate and 
torque is given versus thrust in figures 6 to 8. Each data point in the figures is an 
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average value over the entire data volume for each site and is based on data that 
has been normalised for hole length variation. 
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Figure 6. Variation of the average penetration rate and torque pressure 
versus thrust for the drilling operation in the OSCAR area in the 
Kiirunavaara mine. Data are normalised for variations in hole 
length. 
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7. Variation of the average penetration rate and torque pressure 
versus thrust for the drilling operation in Zinkgmvan. Data are 
normalised for variations in hole length. 
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Figure 8. Variation of the average penetration rate and torque pressure 
versus thrust for the drilling operation in Glödberget. Data are 
normalised for variations in hole length. 

In general the variation at all three test sites follows similar trends and 
agrees well with the variation described for thrust-penetration rate in section 3.2 
and for thrust-torque in section 3.3. 

In the OSCAR area, an unexpected high penetration rate is recorded at low 
thrust values (below 4 kN). However, at under-thrusted levels where bit rebounds 
are expected, high penetration rates might be due to bit movements in "free 
space" towards rock. This observation agrees with those of Unger and Fumanti 
[15] andSinkala[20]. 

The significant change in direction in the thrust-torque curve tends to be 
located before the point of peak penetration in Zinkgmvan. In Glödberget, this 
point is located beyond the point of peak penetration. Furthermore, in both 
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Zinkgruvan and Glödberget, the first part of the thrust-torque curve is almost 
constant, indicating a solid rock, while the curve from the OSCAR area has a 
substantial inclination, indicating a weaker rock, Pearse [17]. However, it is likely 
that the much stiffer drill string used in the OSCAR area will influence the shape 
of the curve, since the resistance to buckling is much higher. 

The dotted lines in figures 6 to 8 are the calculated regression line on which 
the continuing normalisation is based. The regression technique used is to 
calculate the sum of squared errors and select the two respective three regression 
lines that minimise the total error. The normalisation, based on the dotted lines in 
the figures, is performed so that both penetration rate and torque are normalised 
towards the average value. 

After that, the hole length and thrust variation for each parameter has been 
removed according to the regression lines in figures 2 to 4 and in figures 6 to 8, 
the final step to normalisation of the data is to remove the influence from 
penetration rate on torque pressure. 

In figures 9 to 11 the average normalised torque is given as a function of 
normalised penetration rate for the three drilhng sites. Each data point in the 
figures is an average value over the entire data volume for each site 
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Figure 9. Variation of the average torque pressure versus penetration rate 
for the drilling operation in the OSCAR area in the Kiirunavaara 
mine. 
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Figure 11. Variation of the average torque pressure versus penetration rate 
for the drilling operation in Glödberget. 

The general trend from the three drilling sites is similar. At the central part 
of the curves there is a clear linear relation between penetration rate and torque. 
At low penetration rate values this trend is interrupted by significantly higher 
torque values. At high penetration rates, on the other hand, the trend is interrupted 
by lower torque values. 
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4. GEOMECHANICAL INTERPRETATION 

In figures 9 to 11 the regression lines in the central parts indicate a clear 
relationship between penetration rate and torque pressure. Thus, a larger 
penetration per blow, of the bit into the rock matrix, will increase the torque 
needed to turn the bit. This observation agrees with that suggested by Sinkala 
[20]. However, this general trend is not continuous but interrupted at both low 
penetration rate, with an abnormally high torque pressure, and at high penetration 
rate, with an abnormally low torque pressure. 

Low penetration rate normally indicates a hard rock with high resistance to 
bit indentation, also giving a low required torque pressure to rotate the bit. In this 
case, low penetration rate in combination with increased torque pressure is seen. 
During practical drilling in fractured rock or in fracture zones the torque pressure 
is often increased due to stalling effects, which will also affect the rotation speed. 
Furthermore, due to the drilling problems in fractured rock, the penetration rate is 
often also reduced below what is normal for the rock type. This is seen in figure 
12, where the bit is passing through a fracture zone in a production hole in the 
OSCAR area in Kiirunavaara. The torque pressure increases in the zone, and also 
peaks when the bit has a tendency to stall. The RPM value is also affected and 
will peak immediately after the torque pressure peaks. The penetration rate on the 
other hand decreases in the zone. 

At low penetration rates in figures 9 to 11, data from drilling in very 
fracmred rock is included, giving a high torque pressure and a lower penetration 
rate than what is normal. 

At high penetration rate the torque value has a tendency to decrease from the 
straight line defined in the central part of figures 9 to 11. In the OSCAR area this 
trend is very obvious, while in Zinkgmvan and in Glödberget the trend is more 
subtle. 

Normally, the weaker, softer and less resistant to penetration the rock is, the 
larger the penetration rate gets. As the rock becomes less and less competent, the 
buttons have a tendency not to slide out of the generated crater without rock 
deformation, but instead break away rock chips as the bit is turning. The softer 
the rock, the larger the pieces that break away. The drilling process gradually 
moves from percussive drilling, where all rock removal is generated by 
impacting, towards rotary drilhng, where thrust and torque alone can break rock. 
The result of this, registered by the recorded parameters, will be a reduction in 
torque pressure in relation to the torque pressure needed to move the button out 
of the crater with no rock deformation or breakage. 
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Figure 12. Response of drilling parameters during the penetration of a 
fracture zone in the OSCAR area in Kiirunavaara mine, 
Schunnesson [23]. 

The final step, in order to refine the drill performance parameters into 
independent parameters reflecting the true material properties of the drilled rock, 
is to normalise the torque pressure values according to the regression lines in 
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figures 9 to 11. The resulting torque pressure will then not be influenced by 
changes in penetration rate. 

The result of the presented procedure is a normalised rock dependent torque 
pressure value independent of effects from variations in drill depth, thrust or 
penetration of button into the rock matrix. 

The importance of the performed data treatment can be demonstrated by 
studying figure 9, where a torque pressure value of 17 can be the result of both 
heavily fracmred rock, medium-hard solid rock, or extremely soft rock. After the 
last performed data treatment, the normalised torque pressure alone can 
distinguish differences between fracmred, solid and soft rock. 

For each specific drilling site, the normalised rock dependent penetration 
rate values are independent of variations in drill depth and thrust. The magnimde 
of the normalised penetration rate will, therefore, better reflect the resistance to 
penetration of the rock and will form a better basis for predictions of material 
properties, as for example, rock hardness or fracmring. 

In figures 13 to 15, the normalisation procedure is used on three holes from 
the OSCAR area in the Kiirunavaara mine. In figure 13 the torque pressure in the 
first half of the hole is largely overestimated by the raw data log. However, after 
normalisation, the torque pressure in the first part of the hole does not show any 
significant higher torque pressure than the rest of hole. Furthermore, the first 4 m 
of the hole, where the raw data log has an extremely high torque pressure, has the 
lowest torque pressure in the log after normalisation. 

In figure 14, the torque pressure in the first 2.5 m of the hole is significantly 
over-estimated by the raw data log while the raw data log between 2.5 and 5 
highly under-estimates the torque pressure. 

In figure 15, the raw data penetration rate log shows a declining trend in the 
bottom of the hole between 25 and 55 m, going from 80 cm/ min down to 40 
cm/min. After normalisation the penetration rate is fairly constant in the entire 
interval. 
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Figure 13. The torque pressure from a hole in the OSCAR area in 
Kiirunavaara mine, before and after data normalisation. 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Hole Depth (m) 

Figure 14. The torque pressure from a hole in the OSCAR area in the 
Kiirunavaara mine, before and after data normalisation. 
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Figure 15. The penetration rate from a hole in the OSCAR area in 
Kiirunavaara mine, before and after data normalisation. 
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5. EVALUATION OF ROCK PROPERTIES 
BASED ON NORMALISED DATA 

When the raw data have been normalised and only the rock dependent 
variation remains, the drill parameters can be used to predict rock properties 
based on theoretical or heuristic relations or calibrated with observed rock 
properties using statistical analysis. Examples from each test site are presented 
below. 

In the mining industry, a detailed knowledge of the extension of the ore body 
is one of the most important factors both for production planning and ore reserve 
evaluation. 

In the Kiirunavaara ore body the hanging wall rock consists of quartz 
porphyry. The hanging-wall, between the ore and the side rock, consists of a 
contact zone of varying thickness. One of the issues in the field test in the 
OSCAR area was to see how well the hanging wall could be defined using drill 
monitoring, see Schunnesson [24]. In order to characterise the penetrated rock, 
samples of cuttings were taken for every drill rod during the drilling operation. 
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Figure 16. Prediction of iron content for the contact zone between ore and 
side rock. The cutting analysis is given as a reference. 
Schunnesson [24]. 
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Using the analysed cuttings and Partial Least-Squares regression (PLS) see 
Geladi and Kowalski [25] a model was designed for the iron content based on 
monitored drill parameters. 

In figure 16 the predicted iron content, together with analysed cutting 
samples, is shown for a drill hole through the hanging wall rock. In the figure the 
hanging wall contact can clearly be recognised at 5.5 m depth. A possible strike 
of side rock between 4 and 4.5 m can also be identified. The thickness of the 
contact zone is approximately 3 m. However, since the bore hole penetrates the 
hanging wall with an obhque angle, the true thickness of the contact zone may be 
less. 

When mining narrow ore bodies the ore boundaries are of equal or greater 
importance for production planning. Dislocation of the contacts can here lead to 
unacceptable ore loss and waste rock dilution, and may jeopardize the entire 
mining economy. 

In Zinkgmvan, the drill monitoring data were calibrated using geophysical 
logging, Schunnesson [26]. The log used was: 

• Natural Gamma log 
• Density (gamma-gamma) log 
• Susceptibility log 
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Figure 17. Comparison between geophysical logs and a drill monitoring 
model, for a bore hole through the ore zone in Zinkgruvan. 
Schunnesson [26]. 
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In figure 17 the density and susceptibility log is compared with a model 
based on drill parameters. Since the density of the ore is higher than the side rock, 
the density log shows a clear response to the ore zone. However, a consistent 
zone of skam, following the foot wall side of the ore body, was also characterised 
by a higher density Therefore the susceptibility log, sensitive to skam, was used 
in combination with the density log to distinguish the tme location of the foot wall 
contact. However, the information provided by the two geophysical logs could, 
more or less, also be provided by drill monitoring, saving both time and money. 
Furthermore, the resolution of the drill monitoring data were 1 cm, providing a 
very exact location of the boundary. 

In a tunnelling site the stability of the tunnel together with the water 
conditions is of major concern. These factors are decisive for the excavation- and 
reinforcement procedure used. The fracmring of the rock mass is vital and 
included as RQD (Rock Quality Designation) in most rock quality classification 
systems used. In Glödberget drill monitoring was used to predict RQD of the 
rock mass ahead of the face. An initial calibration between drilling data and 
observed RQD was performed using PLS. 

RQD 
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Figure 18. Predicted RQD-values (based on the drill parameters) and 
observed RQD-values along the tunnel in Glödberget. 
Schunnesson [23]. 
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In figure 18 the predicted RQD is compared with the observed RQD along 
the tunnel. It can be noted that the predicted RQD is slightly higher than the 
observed, which can be explained by the blasting and stress release after 
excavation. 

A major potential with drill monitoring is that the fracturing of the rock can 
be available for rock masses ahead of the face not yet excavated, whereas 
traditional RQD mapping is performed on already excavated tunnel walls. 
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6. CONCLUSIONS 

The study presents a procedure for handling raw data from percussive drill 
monitoring. Influences from operator and drill control system are normahsed so 
that the remaining data used to characterise the ground only reflect variations in 
rock properties. Major analytical errors, such as those seen in figures 13-15, can 
be made if this is not done correctly. The procedure has been used successfully in 
several mining and underground apphcations, providing rock property predictions 
with high agreement with observed conditions. 
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ABSTRACT 

When mining high grade, narrow ore bodies, the mining method often implies a 
very detailed knowledge of the ore contacts to avoid unacceptable ore loss and 
waste rock dilution. During the past decade, the use of microprocessor based drill 
monitoring equipment has become an accepted technique, even for percussive 
drilling. On the basis of the recorded drill performance, such as penetration rate, 
torque pressure, thrust etc., a fast evaluation of the lithological sequence of the ore 
zone can be made. In order to evaluate the potential of percussive drill monitoring to 
provide detailed information of the geometry of the ore body, the technique was 
tested in the Viscaria copper mine in Sweden during 1996. 

To provide understandable information to the mine geologist, great emphasis 
was placed on the separation between the drilhng response generated by variations 
in rock conditions from variations caused by the operator and the drill system. Due 
to the comphcated geology in Viscaria, the drilling response presented to the 
geologists was separated in two independent signals, one representing the hardness 
of the rock and one representing the inhomogeneity (fracturing) of the rock. With 
those signals a good separation between different rock types in the ore horizon was 
achieved. 

The experience from the Viscaria copper mine is that drill monitoring not only 
can be used to locate contacts between rock types, but also to characterize rock 
conditions and, often, also to specify the exact rock type present. Since it is possible 
to get the drill monitoring information very quickly it is a valuable complement to 
diamond drilhng for increasing the specific knowledge of the geology and the ore 
body. 

B l 



1. INTRODUCTION 

When mining high-grade, narrow ore bodies, the mining method often implies a 
very detailed knowledge of the ore contacts. Dislocation of the contacts can lead to 
unacceptable ore loss and waste rock dilution, and may jeopardize the entire mining 
economy. Ore boundary information is today often based on core drilling and 
geological mapping of drifts. Methods based on percussive drilüng, such as sampling 
of cuttings and geophysical logging in percussive holes, are today also used to locate 
ore contacts. 

During the past decade, the use of microprocessor-based drill monitoring 
equipment to permit scanning, measurement, processing and storage of drill 
performance parameters has become an accepted technique, (Pfister 1985; Peck and 
Vynne 1993; Schunnesson 1996). On the basis of the recorded drill performance, 
such as penetration rate, torque pressure, thrust etc., a fast evaluation of the 
lithological sequence in the ore zone can be made. 

There is a great potential for using the information from percussive drill 
monitoring to characterize rock types, since this drilhng technique is cheap and 
frequendy used both in the mining and construction industries. The major benefits of 
drill monitoring are: 

• Since the measurement takes place during the actual drilling operation, and since 
the data are digital, the results and interpretations can be presented directly after 
completion of the hole. 

• No sensitive, expensive, or time consuming equipment has to be inserted into the 
hole after it is completed. 

• The operational cost is very low, which leads to a possible use of many different 
types of drilling operations, for example production drilling, service drilling, 
drilhng for reinforcement, exploration drilhng etc. 

In the Viscaria copper mine in Sweden, information about the ore contacts is 
today mostly based on core drilling in intervals of 10 to 25 metres, geological 
mapping of drifts, and samphng of cuttings during percussive drilhng. In order to 
evaluate other methods that could provide additional information on the geometry of 
the ore body, the drill monitoring technique was tested in Viscaria during 1996, 
(Schunnesson and Holme 1996). For the geologist, information from drill monitoring 
can be added to the existing geological information to provide a more exact location 
of the rock contacts in a larger number of percussion drilled holes. 
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2. THE VISCARIA COPPER MINE 

The Viscaria deposit, situated near Kiruna in the county of Norrbotten in 
Sweden, was found by the use of geobothany. Large areas on the western slope of 
the mountain Peuravaara were poisoned by metal-rich groundwater, and one of the 
few resistant plants growing there was the flower "Viscaria Alpina". These 
observations were made in 1972 by a geologist at the mining company LKAB, Paul 
Forsell, who initiated a drilling programme (Martinsson 1992). In 1973, the drilling 
programme resulted in the discovery of a major copper deposit, called VISCARIA, 
after the flower. After an extensive exploration programme production started in 
1982. LKAB owned Viscaria AB until 1986 when Outokumpu OY bought 100% of 
the shares. 

2.1 Geological environment 

The Viscaria deposit is located in the Proterozoic Kiruna greenstone belt that in 
the Viscaria area consists of several stratiform intercalations of a magnetite-sulphide 
ore striking NE-SW. The three major ore zones, named A, B and D, are located in 
sedimentary intercalations, (Martinsson 1995). The estimated total tonnage of the 
three major horizons is 20 million tonnes containing 3 % Cu in situ. Only the A-zone 
and a minor part of the B-zone have been mined. The Viscaria A-zone, simated in 
the uppermost part of the Viscaria formation, contains totally 16 million tonnes of 
ore. The ore horizon is mineralized for a length of 3.5 km, and the ore has a typical 
thickness of 4-10 metres. The deepest part is simated approximately 700 metres 
below ground level. The dip of the ore horizon is 65 to 90 degrees. The ore mined 
today has a thickness of 2 to 3 metres. Until the end of 1996 about 12.8 million 
tonnes of ore with 2.32 % Cu have been produced. 

The main ore-bearing horizon is a carbonate rock, but also the foot-wall rocks 
(tuffite, felsite, black schist, graphitic- and graphite layered tuffite) as well as the 
hanging wall rocks (chert, graphite schist, graphitic- and graphite layered tuffite, and 
tuffite) partially contain ore grades of chalcopyrite. In the richest part of the ore, the 
carbonate rock, chalcopyrite forms a fine-grained impregnation. The carbonate rock 
is re-crystallised, often very soft and homogenous, and contains between 2 and 9 % 
Cu. In the black schist, chalcopyrite mainly occurs as veinlets. This rock is soft, 
often fracmred or crushed and contains 0-3 % Cu. The chert and felsite occur as 
massive or banded types, the latter with varying contents of tuffite. Both types are 
hard and in most cases very regular. The Cu-content is 0-3 %. The tuffite is 
homogenous with intermediate hardness, and with a copper content of 0-3 %. The 
graphite layered tuffite is often very inhomogenous and softer than the tuffite. The 
copper content can vary between 0 and 3 %. The greenstone (basalts of the Kimna 
greenstone belt) is chemically and physically similar to the tuffite but seldom 
contains chalcopyrite. 

B3 



2.2 Mining method and production planning 

Many mining methods have been used in Viscaria during the years, such as 
open pit, Viscaria vein-mining (raise-mining), sublevel stoping, sublevel benching, 
pillar cut and f i l l (vertically downwards propagating pillars), room and pillar, and 
Viscaria top-slicing. In the early history of Viscaria, large-scale mining methods 
were used, such as vein mining rooms up to 65 by 55 metres. Due to huge problems 
with cave in of the hanging wall and waste rock dilution, other methods were 
adopted and smaller room sizes used. 

Currendy the ore is mined with sublevel stoping (Viscaria top slicing). Initially, 
cross cuts are driven from a foot-wall drift, parallel to the ore, towards the ore body. 
An ore drift is then driven, parallel to the foot-wall drift, inside the ore body. Core 
drilling is performed from the foot-wall drift while production drilling, charging, 
blasting and loading take place in the ore drift. In order to minimize the development 
work in remote areas, only the ore drift, and not the foot-wall drift, is driven. The 
production drilling is done parallel to the ore upwards to the next mining level. The 
distance between mining levels is 25 to 30 metres and the planned stope length is 30 
to 50 metres, depending on rock stresses, stress directions and hanging wall 
conditions. 

The ore construction and short-term mine planning are based on core drilling, 
geological mapping of drifts and sampling of cuttings during percussive drilling. This 
implies that the ore geometry between the drifts is somewhat uncertain. When no 
foot-wall drift is used it is even more difficult to characterize the geometry of the ore 
between the drifts, since core drilling is difficult to perform. 

The sampling of cuttings in percussive holes has been used since 1989, in order 
to increase the knowledge of the ore geometry between mining levels and between 
diamond drilled profiles. A lot of experience has been accumulated during the years, 
and today this technique is used only in holes shorter than 20 to 30 m, depending on 
the hole inclination. The smaller the zenith distance the longer the holes. Holes with 
a zenith distance larger than 45 degrees provide unreliable results. The major 
drawback with the technique is that it is time consuming. First, the total drilling time 
is doubled for a 20 m hole if cuttings should be sampled, and for longer holes, the 
time consumption will be proportionately longer due to the need for extra flushing 
time. Secondly, the treatment of cuttings, i.e., drying, mapping, and analysis of the 
samples, is time consuming. Another problem is that the result is very dependent on 
the skill and care taken by the operator. The resolution of the data is normally also 
hmited to half the rod length. 

After drilling the samples are transported to the surface, dried and analysed 
with mobile equipment for X-ray fluorescence analysis (X-met). Unfortunately, 
several tests have shown that the cuttings analysis gives lower copper content than 
the diamond core data, which is why cutting data are not used for ore calculations. 

The drawbacks of cutting samphng and analysis have forced the Viscaria mine 
to look for other methods that can reduce the uncertainties of the ore contacts 
between the diamond drilled profiles. 
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Figure 1. Example of percussive exploration holes in Viscaria, where cuttings 
are sampled. 

B5 



3 DRILL MONITORING 

During the test in Viscaria, all holes were drilled upwards, almost vertically, 
using an Atlas Copco SIMBA H222S production drill rig, see figure 1. The rig was 
equipped with 1238 HF rock drills, using 51 mm button bits and 1 1/4", 1.52 m long 
SECO HF rods. The drill parameters were recorded by a DEVILOG Type 95 
instmment supplied by Transtronic AB. During the test period, drilling parameters 
were recorded for every 10 cm of hole length for a total of 1687 m bore hole. The 
recorded parameters were; 

• drill hole length (m) 
• thrust (kN) 
• penetration rate (cm/min) 
• rotation speed (RPM) 
• torque pressure (bar) 
• hydraulic pressure (bar) 
• time when data is recorded (h-min-sec) 

3.1 Analysis of drill parameters 

The different rock types in the ore zone in Viscaria differ substantially both in 
hardness/strength and in homogeneity. The chert, for example, contains more than 
95% Si0 2 making it very hard, while the carbonate rock is generally very soft. 
Rocks of intermediate hardness, for example tuffite or greenstone, are also fairly 
homogenous. More complicated is the black schist, which can be rather in-
homogenous, and even worse is the black schist layered tuffite which, from a 
mechanical point of view, is hard to define. Also other rock types and combinations 
of rock types are present. This implies that the analysis path selected must be able to 
distinguish between hardness and homogeneity in order to separate the different rock 
types existing. 

An initial separation of drilling parameters in independent and dependent 
parameters, (see Griffith 1983; Barr 1984; Peck 1989), is necessary. The 
independent parameters, such as thrust, rotation speed, and hydraulic pressure are 
directly controlled by the drill operation, while the dependent drill parameters such 
as penetration rate and torque pressure are related to the response of the drilling 
system to rock. Furthermore, in order to separate the dependent drill parameter 
response generated by variations in rock conditions from variations caused by the 
operator, the drill system and variations among the independent drill parameters, an 
initial normalization must be conducted. 

Normally all drill parameters have variations with increasing hole length. 
Penetration rate, for example, has a declining trend with hole length due to energy 
losses in drill string joints and reduced flushing efficiency. The first step is, 
therefore, to normalize hole length dependent variation for all parameters. Once this 
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variation is removed, both penetration rate and torque pressure have a notable 
influence from thrust. Penetration rate, for example, generally increases with thrust 
until a peak penetration rate value is reached. As the thrust increases further, the 
penetration rate will fall until the drill finally stalls. Since both the operator and the 
control system of the rig have a large influence over the thrust, it is impossible to 
maintain a constant rate. A normalization is therefore necessary in order to compare 
results from one hole with those of another. Once this variation has been removed, a 
large dependence between penetration rate and torque pressure remains. The larger 
the penetration per blow, of the bit into the rock matrix, the higher the torque 
pressure needed to torn the bit. For details on the normalization procedure see, 
Schunnesson (1997). 

as 

2.0 H 

4 5 6 
Hole length (m) 

Figure 2. The penetration rate log for hole 533-01 in the Burkland mine in 
Zinkgmvan. After Schunnesson (1992). 

On top of the dependent parameters, penetration rate and torque pressure, it is 
also important to consider the variability of each parameter in the analysis 
(Schunnesson 1996). In a sohd, homogenous and non-fracmred rock, the parameters 
show an even pattern while in inhomogenous or fractured rock the signal 
demonstrates an uneven behaviour. Figure 2 shows an example from Zinkgmvan in 
Sweden where the fracmred zone, close to the tunnel wall, is very different in 
variability but not in the average magnitude, compared to the undisturbed zone 
further away from the wall. 
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The variabihty for penetration rate and torque pressure is calculated as a 
moving value over 50 cm hole sections (5 values) along the holes. The variability of 
the penetration rate is given as: 

PR^=jLl(pR-pRJ 

PRvar= Penetration rate variability 
Pi? = Registered penetration rate 
PRavr= Average penetration rate in interval 

The variability of the torque pressure is given with an analogous expression. 
Thus, the analysis in Viscaria is based on; 

• normalized penetration rate 
• normalized torque pressure 
• variabihty of the normalized penetration rate 
• variabihty of the normalized torque pressure 

4 H 

-2 -1 0 1 2 3 4 5 6 7 
First Principal Component 

Figure 3a. Score plot of the first and second principal component for all holes in 
Viscaria. 
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Figure 3b. Loading plot of the first and second principal component for all holes 
in Viscaria. 

In order to get an overview of the registered drilling data, Principal Component 
Analysis (PCA) is used. For PCA techniques, see (JoUiffe 1986 and Wold [et al], 
1987). In figures 3a and 3b, the first two Principal Component score vectors and the 
corresponding two loading vectors are plotted, respectively, for a number of holes 
from Viscaria. The first component captures almost 40 % of the data variation, while 
the second captures 26 percent. 

From figure 3b it is evident that the penetration rate is negatively correlated to 
the torque pressure, and both are basicaUy uncorrelated to penetration rate variation 
and torque pressure variation. For the driUing response in Viscaria, the first 
component reflects the variation of each parameter while the second component 
reflects the variation of penetration rate and torque pressure. The pattern in figure 3b 
is very similar to the results found at the Glödberget tunneUing site in Sweden 
(Schunnesson 1996). In figure 4 the loading plot of the first and second principal 
component for drilling parameters from Glödberget is shown. 

In Glödberget a close relation between fracmring and parameter variability was 
found. The fracturing was expressed as RQD (Rock Quahty Designation), that is the 
sum of length of core pieces longer than 10 cm expressed as a percentage of a given 
total length drilled (Deere 1963). Since a pattern similar to that of Glödberget, is 
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found in Viscaria it is probable that the parameter variability here also reflects 
fracturing. However, since the drilling response from other inhomogenous properties 
of the rock will have a similar influence, the variabihty parameters wiU only provide 
a general measurement of the inhomogenous properties of the rock. It wiU be 
difficult to distinguish between fractures and other inhomogenous properties of the 
rock. 
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Figure 4. Loading plot of the first and second principal component for drilling 
parameters from Glödberget mnnelling site in Sweden. The first 
component captures almost 55 % of the data variation, while the 
second captures 20 percent. After (Schunnesson 1996). 

The major difference between the drill parameter response in Glödberget 
compared to that of Viscaria, is that in Glödberget the penetration rate is correlated 
to the torque pressure while in Viscaria the penetration rate and the torque pressure 
are essentially negatively correlated. 

The entire mnnelling site in Glödberget consists of a gray, medium- to coarse
grained granite, slightiy foliated and with a pronounced sheeting. From a drilling 
point of view the mechanical variation of the rock matrix is hmited, and the major 
variations were due to variations in fracmring of the rock. 
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In Viscaria the variation of the mechanical properties of the rocks is extensive, 
varying from the soft carbonate rock and black schist over the intermediate tuffite 
and greenstone to the very hard chert and felsite. 

In fracmred rock, both the penetration rate and the torque pressure generally 
increase compared to drilhng in unfractured rock, (Schunnesson 1996). Fracmring 
increases the resistance for the bit to rotate registered by an increased torque 
pressure. Fracmring also promotes penetration rate up to a certain level. Over this 
level, in severe faults etc., stalling effects are registered as well as flushing problems, 
resulting in reduced penetration rate. However, in Glödberget where the drill 
parameter variation is dominated by normal fracturing, and where the enthe tunnel is 
excavated in the same rock type, the parameter interaction described in figure 4, is 
typical. 

In Viscaria, where the drill parameter variation is generated by a large variation 
in rock hardness in addition to fracmring, the parameter interaction does not follow 
the example in figure 4. Since the normalized torque pressure is independent of bit 
penetration, wall effects and thmst, it is more related to the softness/hardness of the 
rock (Schunnesson 1997). Normally, the weaker, softer and less resistant to 
penetration the rock is, the larger the penetration rate. As the rock becomes less and 
less competent, the buttons of the bit have a tendency not to slide out of the 
generated craters without rock deformation, but instead break away rock chips as the 
bit is mming. The softer the rock, the larger the pieces that break away. The chilling 
process gradually moves from percussive drilling, where all rock removal is 
generated by impacting, towards rotary drilling, where thmst and torque alone can 
break rock. The result of this, registered by the recorded parameters, will be a 
reduction in torque pressure in relation to the torque pressure needed to move the 
button out of the crater with no rock deformation or breakage. The pattern found in 
Viscaria, with a negative correlation between penetration rate and torque pressure, 
therefore indicates that the drill parameter variation is dominated by a variation in 
rock hardness. 

Thus, in Viscaria the geological interpretation of the drill monitoring data can 
be based solely on the component values, where the first component describes the 
"homogeneity" of the rock while the second component describes the variation in 
hardness of the drilled rock. 

In figure 5, the average component values for some homogenous rock types are 
shown. The major separation occurs for the second component values, which 
provides a measure of the hardness of the rock. The average chert value is low, 
indicating a very hard rock, while the carbonate rock has the highest component 
value, which indicates a soft rock. The tuffite and greenstone have an intermediate 
component value. The figure also shows that the carbonate rock and the pure black 
schist have similar mechanical properties, and therefore can be difficult to separate 
in the analysis. 

However, in order to make a definite rock type classification for each and every 
data point, it is not sufficient to have well separated average values, but the enthe 
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data population for each rock type must also be reasonably well separated from each 
other. 
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Figure 5. Average component values for the different rock types in Viscaria. 
The figure is a minor part of the score plot in figure 3a. 

In figure 6, the density function of each rock type population is presented. 
Since the initial geological classification of the data also comprises errors and omits 
classified data, a minimum floor at 10% of the maximum density value was used for 
each population. The remaining variations among each population are caused by a 
number of factors, such as geological variations, mixing with other minerals or rock 
types, fracmring, and also changes in drilhng conditions such as different wearing of 
bits etc. Even though the location of each population differs, there is a significant 
overlap, especially between carbonate rock and black schist. The softer type of 
mffite/greenstone can also be mixed up with black schist and occasionally also with 
very hard carbonate rock. The chert/felsite forms several different clusters, one 
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indicating a very hard rock type, which is expected, and one softer and less 
homogenous. If the chert/felsite group could be subdivided in more detail from 
geological indications, the differences in location in the plot could presumably be 
better explained. However, since lower homogeneity may indicate a higher fracmring 
and fracmring often promotes penetration rate, (Schunnesson 1996), this chert 
population, indicated in the figure by lower hardness, can be misplaced due to the 
influence from fracmring. 
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-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.5 

Figure 6. The density function for the population of carbonate rock, black 
schist, chert/felsite and taffite/greenstone. The figure is a minor part 
of the score plot in figure 3a. 

Even though there are some overlaps between different rock types, an attempt 
was made to make distinct rock type classification based on the component plot in 
figure 6. Values outside of the density functions in figure 6 were also classified, if 
possible, according to the closest density function. For example, a component value 
of (-1.5,1.5) was classified as a carbonate rock. In order to reduce some of the 
classification problems the individual component values are also presented. Different 
sources of error such as wearing of bits or geological variations related to the 
different test sites in the mine will affect the component values only by a change in 
levels, which will not affect the capability to locate rock boundaries. Nevertheless, 
such errors can be fatal to the possibility of a direct classification of rock type. 
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4. CHARACTERIZATION OF THE GEOLOGY 

In order to provide a drill monitoring interpretation that is useful for the mine 
geologist, the analyses described in section 4 were, for each and every hole, 
summarized on a single sheet, as in figures 7-10. The top curve presents the 
hardness parameter (second component) along the hole, the second curve presents 
the homogeneity (first component) of the rock, while the third curve from the top, 
presents a direct geological interpretation of the penetrated rock, based on figure 6. 

For comparison, the copper content, based on analyses of cuttings is given 
below, and at the bottom the geological interpretation is shown. It is based on 
diamond drilhng and drift mapping, i.e., without taking the drill monitoring results 
into account. Also shown is the interpretation based only on drill monitoring data. 

The hole M2, in figure 7, is initially drilled in carbonate rock followed by black 
schist. The transition from carbonate rock to black schist is subtle and only indicated 
by a slight reduction in hardness. The similarity in rock properties between the two 
rock types is also shown in figure 6. The rock type classification also indicates that 
data has moved from the unique carbonate rock area, in the classification plot in 
figure 6, to the area common for both carbonate rock and black schist. After 7.2 
metres the hole continues into a harder rock with significantiy higher variabihty. The 
rock is classified as a tirffite with black schist layers. After 9.5 metres, until the end 
of the hole, the rock again tums slighdy harder and also more homogenous. This 
rock is classified as a tuffite or greenstone. At the bottom of the hole, in a section 
between 16 and 18 metres, the rock tends to be shghtly harder and less homogenous, 
indicating a different rock type or with different variations in rock properties such as 
fracmring. For the first two rock contacts, between carbonate rock and black schist, 
and between black schist and black schist layered mffite, the initial geological model 
and the interpretation based on drill monitoring coincide weU. However, for the 
contact between black schist layered mffite and the greenstone there is a significant 
difference that might depend on decreasing graphitic banding in the mffite. 

The hole M19 in figure 8, is initially drilled in chert (felsite) and continued into 
carbonate rock. The carbonate rock is replaced by a greenstone at the end of the hole 
and finally a harder rock type, probably a chert, occurs. The felsite in the beginning 
of the hole is, from a drilhng point of view, not typical and it is only in a small 
section where the classification is made. The section of carbonate rock is well 
defined except for a minor part in the middle. The greenstone tends to decrease in 
hardness and increase in homogeneity with hole length. 
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Figure 7. The result from the drill monitoring for bore hole M2 in Viscaria. In 
the black schist layered tuffite a decrease of graphitic band is found 
towards the hanging wall, which explains the difference of the 
interpreted contact. 
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Figure 8. The result from the drill monitoring for bore hole M19 in Viscaria. 
The chert at 13-14 m is not seen in diamond drilling, which 
nevertheless is very sparse in the hanging wall, and since the rock 
types of the drifts were not determined, the chert might be present. 
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At the end of the hole a section with very hard rock is indicated by the drilling data. 
The pattern is typical for a homogenous chert which also is indicated by the 
classification. No other geological information from core drilling or cutting analysis 
supports this classification, but the diamond drilhng is very sparse in the hanging 
wall and no rock type mapping of the drifts was made. 

The first rock contacts between chert and carbonate rock coincide perfectly 
between the initial geological model and the drilling data based model. For the next 
contact, between carbonate rock and greenstone there is a minor difference, while 
the chert at the end of the hole is only indicated by the drill monitoring log. 

Hole M39 in figure 9, is drilled in carbonate rock for the first 8.5 metres. The 
initial geological model indicates a mffite horizon inside the carbonate rock, but from 
the drilhng data no mffite can be distinguished, since the mffite is normally much 
harder. From the initial geological model the hole continues from the carbonate rock 
into a chert banded mffite, through a graphitic/black schist layered mffite rock with 
lapilh texture and finally into an ordinary tuffite. The drilhng data classify the rock as 
a black schist layered mffite until the 15.2 metre depth and an ordinary mffite at the 
bottom of the hole. However, although the section between 8.4 and 15.2 m has a 
uniform hardness, the variation in homogeneity is significant enough to separate the 
section in several minor parts as indicated in the figure. One of these minor sections, 
between 10.5 and 12.2 metres, is distinguished by a much lower homogeneity, and 
may be the lapilh mffite discussed above. 

Hole 44 in figure 10, is initially drilled in black schist followed by the carbonate 
rock. The hole continues through a mffite and ends in a graphitic mffite according to 
the initial geological model or a black schist according to the drilhng data. The two 
sections at the beginning and the end of the hole show a similar pattern with locally 
very low homogeneity and with intermediate hardness, and with a large variation. 
The classification varies, in general, between black schist and black schist layered 
mffite for both sections indicating the classification problem when the ground 
consists of a layered rock including two different rock types. This also explains the 
difference in the lowest section between the initial geological model and the drilling 
data. The sections of carbonate rock and the mffite in the middle of the hole are 
correcdy classified and also have very distinct contacts. In this hole the location of 
the rock contacts differs rather significantiy between the initial geological model and 
the drilling based model. However, since all holes penetrate the ore zone at an 
obhque angle, the tme misplacement is much smaller. The successive transition 
between black schist and graphitic mffite, that is common in Viscaria, may also 
explain the difference at the end of the hole. 
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Figure 9. The result from the drill monitoring for bore hole M39 in Viscaria. 
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Figure 10. The result from the drill monitoring for bore hole M44 in Viscaria. 
A successive transition between black schist and graphitic tuffite is 
often seen in Viscaria and may explain the difference at the end of 
the hole. 
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5. DISCUSSION AND CONCLUSION 

The rock characterization used in Viscaria is based on the drilling response 
during percussive drilling, described by the monitored drilling parameters. This 
response varies depending on the mechanical properties of the rock. Therefore, there 
is no strict correlation between the monitored drill parameters and the lithology of 
the ground, unless the lithological variation also affects the mechanical properties of 
the rock. 

In order to improve the analyses, the raw drill monitoring data was refined by a 
normalization procedure that separates response originating from variation in rock 
properties from response generated by the drill rig and other external influences. In 
addition to the dependent drill parameters, penetration rate and torque pressure, the 
variability of each parameter was also included in the analyses to generate a better 
description of the rock properties. 

In order to simplify the implementation of the drill monitoring results in the day 
to day production planning, the drill monitoring result was reduced to two material 
parameters - one describing the rock hardness and one describing the homogeneity 
of the rock. 

An attempt was also made to classify the rock automatically by the use of drill 
parameters. From the production point of view, it is, of course a major benefit to 
have a direct classification which would enable a reduction in both work and 
analysis time. However, there are a few major drawbacks with the procedure; 

• During abnormal drilling, in very fracmred rock for example, classification error 
may occur. 

• External influences, such as quality of bits, rods etc., may influence the rock type 
classification. 

• Since the algorithm is based on "typical" rock types, divergences from the norm 
create classification errors. In reality, rock types are often not very "typical". 

In many environments with less complicated geology and with a more defined 
ore contact recognition, a direct classification would be very successful. In Viscaria, 
however, which has a very complicated geology, rock types with subtle differences 
in mechanical properties and ore contacts that do not follow the geological 
boundaries, it is more reliable to present the hardness and homogeneity parameters 
along with the rock type classification. 
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The general conclusions from the apphcation of drill monitoring in the Viscaria 
copper mine are: 

• Drill monitoring can be used to locate contacts between rock types, but also to 
characterize rock conditions and often also to specify the exact rock type present. 

• The geologist derives great benefit from the drill monitoring information, since it 
provides close information on the ore contacts also between diamond drilled 
profiles and mapped drifts. Therefore, it is a valuable complement in the daily 
mine planning work, for increasing the general and specific knowledge of the 
geology and the ore body. 

• In Viscaria, the copper content does not follow the lithology, which is why core-
drilling will continue to be the basis for mine planning and ore evaluation. 
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RQD Predictions Based on 
Drill Performance Parameters 

Håkan Schunnesson 

Abstract—In tunnelling and in other underground constructions, 
a detailed knowledge of the rock mass tobe excavated is essential for 
reasons of safety, reinforcement need and cost and time schedule for 
the excavation. This paper presents a new approach to how drill 
performance parameters can be used for Rock Quality Designation 
(RQD) prediction. Predictions are based not only on traditional 
parameters as penetration rate and torque, butalsoon the variability 
of each parameter which shows a close correlation to fracturing. 
Since predictions are based on drill monitoring data with high 
resolution, the prediction can provide detailed information of the 
structural geometry of the rock mass aheadofthe operation. Examples 
aregivenfrom a railway tunnel in northern Sweden built ingranitic 
bed-rock. 

Resumé—Lors du percement d'un tunnel ou de la construction 
d'autres ouvrages Souterrains, une connaissanceprécise de la masse 
rocheuse ä excaver est primordiale ä la fois pour des raisons de 
sécurité mais aussi pour estimer les besoins de renforcements etleur 
coüt ainsi que pour planifier le calendrier du chantier. Cet article 
presente une procedure permettant de prédire la qualité de la röche 
(RQD) ä partir des parametres de forage. Les previsions nesontpas 
seulement basées sur les parametres traditionnels que sont la vitesse 
de forage et le couple de torsion mais aussi sur la variation de chacun 
de ces parametres qui montrent une correlation étroite avec la 
fracturation. Comme les previsions sont basées sur l'étude å haute 
resolution des données de forage, elles peuvent fournir des 
informations precises sur la géométrie structurale de la masse 
rocheuse en avant du chantier. Des exemples ont été pris lors du 
percement d'un tunnel ferroviaire dans une masse granitique dans 
le nord de la Suede. 

Introduction 

The most important requirement for a site investiga
tion for a tunnel construction or other under
ground construction is the characterisation of the 

structural geometry of the rock mass. Sudden and unex
pected inflow of water is always associated with fractures or 
fracture zones. Rock instabilities or rock outfalls are also 
associated with fractures or fracture combinations in 
unfavourable directions. There is also a close relationship 
between the need for reinforcement and the fracturing of 
the rock. 

The usual way to reduce operational risks and avoid 
unexpected rock problems during tunnelling is to drill 
sounding holes in advance of the tunnel front. There is a 
wide range of reliable, borehole-based equipment that will 
accurately record structural features intercepted by the 
boreholes. These methods can be divided into three main 
categories: 

1. Optical methods, 
2. Mechanical methods, and 
3. Geophysical methods. 
However, these methods are of limited operational value 

since they work best in competent rock, which is the rock of 
the least concern for engineers. Since these techniques are 
inefficient in fractured ground, engineers are often left 

Present address: Håkan Schunnesson, M.Sc, Division of Applied 
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uncertain about zones of the rock masses of most concern. 
Another disadvantage of these methods is the time 

consumption involved in their use. Furthermore, all of the 
methods are introduced after the holes are completed, 
thereby introducing further delays. 

In many tunnelling operations, the sounding holes form 
the basis for the decision on the entire reinforcement proce
dure. In order to avoid unnecessary delays, these decisions 
have to be quickly and accurately. 

During the last decade, the use of microprocessor-based 
drill monitoring equipment to permit scanning, measure
ment, processing, and storage of drill performance param
eters has become an accepted technique (Peck and Vynne 
1993). On the basis of the recorded drill performance 
information such as penetration rate, torque, thrust, etc., a 
fast, early evaluation of ground conditions can be made. 
This technique has been applied successfully in some min
ing applications, as well as in tunnelling and in and other 
site investigations (see, for example, Pfister 1985). 

However, in order to be efficient, the quantity and qual
ity of this site investigation technique must provide enough 
detailed information on fractures for the excavation to 
advance with complete confidence. The interpretation of 
the response of drill performance parameters to fractures is 
therefore of considerable interest. 

This paper presents a method for predicting Rock Qual
ity Designation (RQD) values on the basis of drill perfor
mance parameters. The drilling data are from a tunnelling 
project in the north of Sweden. 
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Drill Parameter Response to Fractures 
Drill system responses to fractures have been studied by 

several authors (Barr 1984, Pfister 1985, Scoble and Peck 
1987). Barr (1984) performed drilling tests through an 
artificial rock mass constructed of blocks of reconstituted 
rock of known compressive strength and containing 
discontinuities of known orientation, aperture, and in
filling. Barr concluded that most or all of the following 
events will occur as an open fissure is crossed during 
drilling: 

• A short-lived but pronounced increase in rate of pen
etration. 

• A small increase in rotary speed over the void, fol
lowed by a sharp decrease as the rock is contacted 
again, with ultimate restoration of the pre-fissure 
mean level. 

• A drop in torque in the void, followed by a sharp 
increase on reestablishing contact with rock before 
returning to pre-fissured level. 

• A drop in water pressure, at least until the storage 
capacity of the fissure/surrounding rock is satisfied or 
the fissure is sealed by drilled cuttings carried over in 
the circulation losses. 

• An initial drop in the thrust level if the aperture is 
sufficiently large, followed by a sharp increase in 
value on contacting rock again, whereafter the thrust 
assumes its pre-set value. In fissures of small aper
ture, it is probable that the thrust will display no 
variations. 

When the fissure was in-filled, the net effect was to 
dampen the response of the drilling variables, often to the 
extent that no variation occurred. 

The one variable that could always be relied upon to 
locate fissures was the penetration rate. Even when the 
response was dampened by in-filling, there was normally 
enough change in the rate of penetration to define block 
boundaries. 

Pfister (1985) demonstrated some typical features and 
drill parameter responses at the Cruas nuclear power plant 
site in France, where 3580 m of destructive holes were 
drilled and drill monitoring was used. The bedrock consists 
of limestone underlying a sand and gravel alluvial deposit. 
It is notable that the drill monitoring survey showed evi
dence of structured anomalies in the limestone stratum that 
could not be shown by cored holes. The survey showed these 
structures more accurately than gravimetric studies did. 

Scoble and Peck (1987) compared fracture shown by 
penetration rate peaks with those shown by TV camera and 
core log. A total of 10 blastholes, each 16 m long, were 
monitored along a 62-m traverse line parallel to the face in 
Francon limestone quarry, in the Montréal area. In addi
tion two 21-m-deep diamond cored holes were drilled within 
this pattern. 

It was shown that only 21 percent of the fractures logged 
in core were detected by the borehole camera, in contrast to 
50 percent showed by penetration rate peaks. Furthermore, 
90 percent of the fractures detected by the borehole camera 
were also located by the penetration rate log. Assuming the 
penetration rate peaks to be the true response of in-situ 
fractures, it could be stated that about 50 percent of the 
fractures logged from core are drilling-induced or the result 
of mishandled core. Based upon such results, corrected 
RQD and fracture frequency logs could be generated that 
would then provide a more realistic assessment of rock mass 
quality. 

Schunnesson (1990) showed the detailed response of the 
drilling system when drilling through fracture zones in the 
Kiirunavaara mine in northern Sweden. 

In Figure 1, the drill bit passes through a fracture zone 
10 m-10.50 m deep. The torque pressure increases in the 
zone, and also peaks when the bit has a tendency to stall. 
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Figure 1. Response of drilling parameters during the 
penetration of a fracture zone in hole 29805200 in the 
Kiirunavaara mine (Schunnesson 1990). 

The RPM is also affected and peaks immediately after the 
torque pressure peak (see Fig. 2). In contrast, the penetra
tion rate decreases, and also is measurably noisier when 
passing through the fracture zone. 

Drill monitoring was used by Schunnesson (1992) at 
Zinkgruvan zinc mine in south central Sweden to locate 
major faults in the hanging wall. These faults caused major 
problems in one of the mining areas. 

Figure 3 shows one of the faults penetrated by the drill 
bit. It is notable that the penetration rate in general 
increases in the fracture zone in addition to a higher 
variability in the rate of penetration. However, in the 
central part, between 6.4 m and 6.9 m, the penetration rate 
instead decreases, along with an increase in both torque 
value and torque variabihty. 

The above examples show that both penetration rate and 
torque pressure/RPM are strongly affected by the rock 
fracturing. 

Figure 3 clearly shows that penetration rate peaks in 
open fractures; it also indicates that penetration rate 
peaks are reliable signs of fractures with in-filling. When 
several fractures interact in a fracture zone or faults, the 
parameter response becomes more complicated. In Fig
ures 1 and 3, an increased penetration rate is noted in parts 
of the fracture zones. However, in several parts of the zone, 
the penetration rate decreases at the same time as torque 
pressure and the RPM peaks, showing that strong fractur
ing leads to a tendency to stall the drill string. This 
demonstrates that up to a certain level, fracturing pro
motes penetration rate, but that the penetration rate 
decreases at a higher level of fracturing. 

On the other hand, the penetration rate variability itself 
follows the fractures and fracture zones even where stalling 
effects can be noted (see Figs. 1 and 3). 
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The magnitude and variability of the torque pressure are 
also associated with the fracturing of the rock. In single 
open fractures, the torque pressure often shows a negative 
peak when the resistance to rotation for a short moment is 
reduced. In heavy fractured rock or in fracture zones, the 
resistance to rotation normally increases, resulting in an 
increased torque pressure (see Fig. 1). As for penetration 
rate, the variation of torque pressure normally increases in 
fractures or fracture zones. 

In brief, the magnitude of both the penetration rate and 
torque pressure are influenced by fractures. However, the 
relationship for each parameter is complicated and can 
vary depending on the site-specific conditions. 

Furthermore, the variability of each parameter is also 
related to rock fractures. It is likely that these parameters 
can provide additional valuable new information about the 
structural geometry of the rock mass that can improve 
predictions of RQD. 

RQD 
Rock Quality Designation (RQD) as a parameter for 

classification of rock quahty was introducedby Deere (1963). 
The parameter RQD is the sum of length of rock core pieces 
longer than 10 cm expressed as a percentage of a given total 
length drilled. 

RQD is a modified form of core recovery. Core recovery 
is the ratio of recovered core length to total length drilled, 
expressed as a percentage. RQD was developed as an aid to 
core logging on the premise that while core recovery itself is 
a useful description of rock quality, it becomes much more 
useful if very broken material (that is recovered) is not 
counted as "core". 

RQD values are given as: 
90-100 excellent rock 
75-90 good rock 
50-75 fair rock 
25—50 poor rock 

< 25 very poor rock 
Although RQD is affected by rock strength, because 

weak rocks tend to be broken during drilling or blasting, it 
is mostly a function of joint spacing and is closely related to 
block size. 

When it was introduced, RQD was a great improvement 
over rock classifications that stressed intact rock strength 
and ignored jointing. Today RQD is often combined with 
other parameters accountingfor rock strength, joint charac
ter, and environmental factors, since the RQD alone ignores 
these features. Nevertheless, RQD is widely used today as 
a single parameter for classification of rock quality during 
tunnelling operations. 

RQD Prediction in Glödberget 
The Tunnelling Site 

At Nyåker, south of the Öre river in Västerbotten county, 
northern Sweden, a 1680-m-long railway tunnel was exca
vated forthe Swedish Railways (see Fig. 4). The excavation 
was done with conventional drilling and blasting to a cross-
sectional area of 67.5 m2. A 610-m-long service tunnel with 
a cross section of 17 m2 was also excavated parallel to the 
main tunnel. The tunnelling site consists of a gray, me
dium- to coarse-grained granite, slightly foliated and with 
a pronounced sheeting. Fractures with clay alteration were 
present. 

Because of the high watertightness requirements of the 
completed tunnel, five 20-m-long sounding holes were 
drilled in advance of the tunnel face. These five holes were 
part of the more extensive drill fan used for concrete 
reinforcement. Only on demand, all holes in the fan were 
extended to full length for reinforcement. The criteria for 
the reinforcement need were based on the hydraulic con
ductivity in these five holes. 
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Figure 2. The response of torque pressure and RPM 
between 9.90 m and 10.2 m in hole 29805200 in the 
Kiirunavaara mine (Schunnesson 1990). 

Drilling and Monitoring Equipment 
Three different drill rigs (two machines drilling from 

both side of the main tunnel and the third one operating in 
the service tunnel) were used for the excavation. The 
sounding holes were drilled with 51-mm bits and 32-mm M-
Frods. 

During the drilhng of sounding holes, drilling param
eters were recorded for every 10 cm of hole length, for totally 
7700 m hole. The recording was done with a mobile instru
ment that could be moved between the different drill rigs 
when required. The recorded parameters were: 

• drill hole length, 
• penetration rate, 
• thrust, and 
• torque pressure. 
All holes were drilled horizontally or near horizontally, 

with a maximum deviation of 15 degrees from the horizontal 
plane. 

RQD 
The RQD mapping was conducted along two perpendicu

lar lines in a cross (2 m x 2 m) on each tunnel section. The 
sections were between 5 m and 15 m long. Sometimes 
several crosses were used and an average calculated. 

Bar Torque Pressure 

Figure 3. Response of drilling parameters during the 
penetration of a fault in the Burkland area at Zinkgruvan 
zinc mine in south central Sweden (Schunnesson 1993). 
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In Figure 5, the RQD values along the entire rail tunnel 
are given. The RQD values varies between 50 (fair) and 95 
(excellent) along the tunnel, with an average of 86.6, which 
is considered to be good rock quahty. In general, the RQD 
values are higher at the north part of the tunnel. In the 
southern part of the tunnel, a section between coordinate 
816300 and 816470 has significant lower RQD, as shown in 
Figure 5. Problems arose during excavation of this section. 

Analysis 
Drilling Parameters 

In the analysis of drilling parameters, the variation of 
the penetration rate and torque pressure are used in addi
tion to the absolute value of each parameter. The RQD 
mapping only provide a single value within each 5- to 15-m-
long tunnel section. Therefore, the drilling parameters, 
that is recorded in five holes every 10 cm of drilling, must be 
averaged over the same tunnel interval, so that a single 
valueforpenetrationrate, penetration rate variation, torque 
pressure and torque pressure variation is assigned to each 
tunnel section. Initial penetration rate and torque pressure 
are normalized for differences in thrust, so a correct com-
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Figure 5. Mapped RQD value along the rail tunnel in 
Glödberget. 

parison between drill rigs, tunnel sections, etc., can be 
performed. The variability of torque pressure and penetra
tion rate is initially calculated for 50-cm hole sections along 
all five holes. The variability of torque pressure in each 
section is given as: 

T Pva, = ^ ( T P - T P . J 2 

T P ^ = Torque Pressure Variability 
TP = Registered Torque Pressure 
TP a v r = Average Torque Pressure in interval 
The variabihty of the penetration rate is given with an 

analogous expression. The calculated variability values for 
penetration rate and torque pressure are then averaged 
over the entire tunnel section. 

Initial drilling data analysis 
To get an overview of the entire data set (consisting of 

RQD, penetration rate, penetration rate variation, torque 
pressure, and torque pressure variation for each tunnel 
section), a Principal Component Analysis (PCA) was per
formed on the data (see Wold et al. 1987 for PCA technique). 
Figure 6 shows the first two Principle Component (PC) 
loading vectors. The first component captures almost 55 
percent of the data variation, while the second captures 20 
percent. 

From Figure 6, it is seen that there is a strong correla
tion between RQD and the used drill parameters, meaning 
that the fracture frequency in rock strongly affects the 
drilling process. It is also seen that penetration rate 
variation and torque pressure variation are closely corre
lated, and that the variation has a higher correlation to 
RQD than penetration rate and torque pressure. This 
agrees with work presented earlier in this paper. All 
parameters show a negative correlation to RQD, meaning 
that the higher the RQD (i.e., the better the rock), the lower 
is the penetration rate and torque pressure, and the smaller 
are the parameter variations along the holes. 

RQD Predictions 
In order to correlate the drill parameters to RQD, a 

prediction was made using Partial Least Square regres
sion (PLS) (Geladi and Kowalski 1986). PLS is an exten
sion of PCA to include the dependency structure between 
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Figure 6. Plot of the first and second principle component 
loading vectors from Glödberget railway tunnel. 
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Figure 7. Predicted RQD-values (based on the drill 
parameters) compared with the registered RQD-value in 
the tunnel in Glödberget. 

sets of variables. The goal is to find a relation between an 
X block (in this case, the drilling variables) and a Y block 
(RQD), such that Y is modelled by X. A PLS model can be 
considered to consist of outer relations—the X and Y block 
individually—and an inner relation linking both blocks. 

The results of the analysis are presented in Figure 7 and 
Figure 8. Figure 7 compares the statistical prediction of 
RQD based on the drill parameters with the registered RQD 
values in each tunnel section. Although tendency to overes
timate the RQD value at the lower range of RQD value is 
notable, in general the RQD predictions are good. In Figure 
8, the statistically predicted RQD values are compared with 
the registered RQD value along the tunnel. 

The results, given in Figures 7 and 8, show that predic
tions based on drilling parameters indicate a rock with 
slightly lower fracture frequency than what was actually 
mapped after the excavation. However, registered RQD 
values are based on only a 2-m x 2-m wall area in each 
tunnel section, which has to be strictly representative in 

order to be valid. Furthermore, because the registration is 
made after the tunnel is excavated, some of the fractures 
that were counted could have been induced by the blasting 
activity. The predicted RQD-value, on the other hand, is 
based on an average of recorded data from five different 
holes. The holes are drilled in virgin rock ahead of the 
tunnel front and will not be affected by the excavation to 
any greater extent. The holes are also drilled in a larger 
rock volume surrounding the future excavation. Despite 
these differences, the correlation is good. 

Impact of RQD Predictions Based on Drill 
Performance Parameters 

The prediction results discussed above are based on 
average values over a tunnel section 5 and 15 m long. The 
averaging procedure reduces the individual variation of 
drill variables over each section. Therefore, if the same 
model is applied on shorter distances or on parts of indi-

RQD Prediction 

0 20 40 «0 SO 
Figure 8. Predicted RQD-values (based on the drill 
parameters) and registered RQD-value along the tunnel Figure 9. Prediction of RQD along two holes in 
in Glödberget. Glödberget railway tunnel. 
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Figure 10. Graphical presentation of RQD predicted by drill parameters for a tunnel section in Glödberget in relatively 
competent rock. The location of all five sounding holes are shown in the figure. Fairly high RQD values are registered. 
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Figure 11. Graphical presentation of RQD predicted by drill parameters for a tunnel section in Glödberget in relatively 
poor rock. The locations of all five sounding holes are shown. The section is crossed by two major zones, registered in all 
five or four holes. 
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vidual holes, the predicted RQD values will vary more 
extensively and sometimes will exceed RQD values of 100. 
Nevertheless, the fundamental information will be the 
same: the higher the RQD value, the less fractured the rock, 
and vice-versa. 

Furthermore, the ability to predict RQD, based on drill 
parameters, with a possible resolution of less than 1 cm, 
offers a unique opportunity to utilize RQD not only for 
characterization of entire tunnel sections, but also to pro
vide detailed knowledge of the structural geometry of the 
rock mass within the tunnel section, including zones and 
other potential features of problems. This could be done 
before the excavation. 

Figure 9 shows RQD predictions for two different holes 
in two different rounds in Glödberget. The major part of 
Hole 1 has been drilled in relatively competent ground. 
Only in the bottom part of the hole do RQD values decrease, 
indicating increased fracturing. In Hole 2, in contrast, the 
first part tends to be more fractured, the middle part 
includes a few severe fracture zones, and the bottom part 
consists of rock with few or no fractures. 

In order to obtain a better geometrical understanding of 
the hole-based RQD information, data from each hole can be 
projected down on a horizontal plane and connected in a 
map that graphically shows the variation in RQD. Figures 
10 and 11 show examples where all five sounding holes that 
are drilled in a fan ahead of the tunnel face are connected. 
In the figures, "Hole 1" (in Fig. 9) corresponds to the middle 
hole in Figure 10, while "Hole 2" corresponds to the middle 
hole in Figure 11. In Figure 11, the severe fracture zone 
indicated in Figure 9 can be traced in all five holes. This 
indicates that the excavation through this section must be 
conducted with great care. 

Discussion of Results 
In this study it is assumed that the registered RQD-

values along the tunnel are correct, and that therefore the 
recorded drill parameters are correlated towards these 
values. However, the differences between the two tech
niques, described above, show that drill parameters may 
provide a response more related to virgin rock. Similar 
conclusions have been drawn by Scoble and Peck (1987). 

The question of what is the undisturbed, virgin property 
of the rock is, of course, hard to answer since all measure
ments involve some disturbances of the rock mass. How
ever, in this case it is obvious that the disturbances created 
by a single bore hole are less damaging than disturbances 
created by excavating the tunnel by blasting. 

The variability of each parameter, information not nor
mally used in tunnelling, provides a straightforward rela
tion to rock fracturing. Including these parameters in the 
analysis, in addition to the traditional penetration rate and 
torque pressure, improves the possibility of performing 
satisfactory RQD predictions. 

A model based on many variables is also by nature more 
robust than a model based on a single parameter alone. 
Anomalies, random components, and measurement errors 

that often occur among individual drill parameters have 
less influence than correlated changes among several of the 
parameters. 

One limitation of the test in Glödberget is that the RQD 
variation is limited and the rock is, in general, in reason
ably good condition. In an attempt to develop a more 
generalized RQD model, other tunnelling operations with 
larger variation in rock conditions have to be investigated. 

The obvious advantage and major step forward by using 
predictions based on drill monitoring data is that informa
tion with this technique is available for rock masses not yet 
excavated, whereas traditional RQD mapping is performed 
on already excavated tunnel walls. Traditional RQD map
ping therefore has limitations as an engineering tool, and is 
rather better used for documentation. 

Furthermore, predictions based on drill parameters pro
vide a much higher resolution, which can provide much 
more detailed information about the rock mass ahead of the 
tunnel face (see Figs. 10 and 11). 

Lastly, since drilling data today are recorded and stored 
on a digital format in a measurement unit on the rig, the 
entire analysis and presentation (as in Figs. 10 and 11) 
takes only a few minutes after the holes are completed. This 
technique therefore has the potential to become an impor
tant engineering tool in improving the productivity and 
safety of many tunnelling operations. I I 
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ABSTRACT 

The new railway tunnels through the Hallandsås ridge in southern Sweden 
are excavated in an area with very complex geological conditions. The rock is in 
some areas strongly affected by pronounced jointing, faulting and deep 
weathering. This will imply very difficult mnnelling conditions in some zones. 

Due to the expected difficulties the contractor (Skanska Anläggning AB) 
and the client (Swedish National Rail Administration, Banverket) want to 
improve pre-investigation techniques that can provide detailed information on 
rock conditions immediately ahead of the tunnel face. 

One available technique is drill monitoring where a number of drill para
meters are monitored during probe drilling. The monitored drill parameters can 
immediately after drilling be used to foresee rock conditions ahead of the face. 

In order to study the potential of drill monitoring, a development project was 
initiated at the Hallandsås project. The main objectives were to focus on the 
practical use and the commercial benefit of drill monitoring from a tunnelling 
point of view, and to study the purposes for which the method should be used in 
improving the efficiency of the tunnelling process. 

A system for analysis, prediction of rock properties and presentation of data 
was designed and evaluated. The predicted rock properties were fracturing, 
hardness, weathering and RQD. 

Thus far experience indicates good correlation between predicted rock 
conditions and observed geology. Good predictions of weathering are made as 
well as reasonably good predictions of RQD. The drill monitoring data has also 
been used to analyse the spatial correlation of the rock mass properties. 

From an operators point of view drill monitoring provides a good means of 
predict rock mass properties, and gives a consistent rock quality evaluation 
throughout a project. This in combination with fast and easy evaluation, and the 
fact that the method does not disturb the tunnelling work offers a major potential 
within underground construction projects. 

After four months use, the project organisation at Hallandsås feels that drill 
monitoring is a very good tool for predicting conditions ahead of the tunnel face. 
The drill monitoring method has been put into the context of practical tunnelling, 
and has in several ways improved the possibilities for making correct decisions. 
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SAMMANFATTNING 

HaUandsåstunnlarna ingår som ett delprojekt i en omfattande utbyggnad och 
uppgradering av Västkustbanan, mellan Göteborg och Malmö, som genomförs 
under 90-talet. Sedan januari 1996 arbetar Skanska Anläggning AB, på uppdrag 
av Banverket, med att färdigställa tunnlarna som beräknas kunna tas i trafik under 
år 2000. Arbetena sker med konventiell teknik, borrning och sprängning. 

Bergförhållandena i Hallandsås är mycket speciella på grund av områdets 
komplexa geologiska historia. Hallandsås, som är en urbergshorst, uppvisar flera 
större zoner med uppkrossat och/eller lervittrat berg av mycket dålig kvalitet. 
Dessa zoner kräver speciellt försiktig tunneldrivning och intensiv 
bergförstärkning. Geologiska faror såsom rinnande och flytande berg kan också 
förekomma. 

För att möta de svåra förutsättningarna har Skanska och Banverket arbetat 
med att utvärdera förandersökningsmetoder för att undersöka bergets beskaffen
het framför tunnelfronten. En sådan metod, som kan fungera som en integrerad 
del i drivningscykeln, är loggning och analys av borrparametrar. För att studera 
metodens potential från produktionssynpunkt har ett utvecklingsprojekt, finan
sierat av SBUF, genomförts i samarbete mellan Skanska Anläggning AB, Luleå 
Tekniska Universitet och Banverket. 

Studien har visat att metoden har stor potential för undermarksbyggande och 
kan användas i den dagliga beslutsprocessen när det gäller drivning och initiell 
förstärkning av tunnlarna. Metoden bygger på att det finns en koppling mellan 
borrparametrar (borrsjunkning, matartryck och rotationstryck) och bergmassans 
egenskaper (hårdhet, i detta fall korrelerat till vittringsgrad och sprickighet). 
Baserat på erfarenheter från Hallandsåsprojektet, framförallt drivningen genom 
den södra randzonen med vittrat mycket dåligt berg, har följande generella 
slutsatser dragits vad gäller metodens för- (+) och nackdelar(-): 

+ Metoden har gett en god överensstämmelse mellan prognostiserad hårdhet och 
verklig vittringsgrad. Detta har haft stor betydelse för drivningen genom södra 
randzonen där vittringsgraden är den parameter som mest påverkar 
tunneldriften. 

+ Metoden tar ingen extra tid vid stuffen och stör därmed inte produktionen. 
Analys av borrdata och uppritning av resultaten som sker direkt efter borr
ningen tar endast några minuter att göra på en PC. 

+ Loggning (i detta fall med hjälp av Beversystemet) kan ske av vilka hål som 
helst (exempelvis injekteringshål, sonderingshål, bulthål, salvhål etc) detta 
innebär att någon extra kostnad för borrning inte krävs. 

+ Data insamlas automatiskt. Utan ett loggningssystem måste en geolog närvara 
vid sondering för att en riktig geologisk prediktion skall kunna göras. 

+ Utöver det primära användningsområdet som hjälpmedel i en beslutsprocess 
kan de uppritade resultaten användas som geologisk dokumentation. 
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+ Det stora antalet datapunkter som samlas in kan användas för vidare statistisk 
analys exempelvis av rymdkorrelationen i bergmassan. En sådan analys kan 
belysa nyttan av ytterligare undersökningar. 

- Metoden är en punktundersökning. Mätningen sker längs borrhålen vilket 
innebär att volymer mellan dessa inte innehåller några kända mätpunkter. 
Analysprocessen innehåller en interpolering mellan borrhålen vilken 
introducerar osäkerhet i prognosen. Denna osäkerhet är stor om endast ett fåtal 
borrhål loggas. Eftersom metoden är billig och snabb kan osäkerheten minskas 
genom att borra ytterligare hål. 

- Korrelationen mellan borrparametrar och bergets egenskaper är inte fullständig. 
Man måste således förstå metodens begränsningar och behålla det "geologiska 
förnuftet" för att inte misstolka resultaten. 

- Analysmodellen är projektspecifik, dvs för varje plats måste datormodellen 
byggas upp baserat på den specifika korrelationen mellan borrparametrar och 
bergegenskaper. 

Analys av borrparametrar används på Hallandsåsprojektet sedan februari 
1997.1 dåligt berg borras tio sonderingshål var femte meter. Dessa hål loggas och 
sparas automatiskt i borriggens dator, borrdata flyttas därefter med hjälp av en 
minnesenhet till en PC på projektkontoret där analysen av borrdata sker med 
hjälp av ett speciellt datorprogram. Detta datorprogram utför en normalisering 
och statistisk analys av borrparametrarna. Baserat på korrelationen mellan borr
parametrar och bergmassans respons görs en prognos av bergmassans hårdhet 
(vilken har en god korrelation till vittringsgrad) och sprickighet (vilken har en 
hyfsad korrelation till RQD). Uppritade resultat föreligger maximalt en timma 
efter det att sonderingsborrningen utförts. Dessa resultat sprids sedan på arbets
platsen enhgt bestämda rutiner för att kunna ingå i produktionens beslutsunderlag. 

Initiellt var flera personer på arbetsplatsen tveksamma om metoden funge
rade och kunde tillföra något sett från produktionssynpunkt. Stående kommen
tarer var exempelvis; "det där känner ju borrarna när dom borrar"; "geologerna 
gör ju prognoser redan"; "jag litar mer på borrarnas känsla". Dessa invändningar 
är alla relevanta men bestrider inte nyttan med den nya metoden. Efter fyra 
månaders kontinuerlig användning av analys av borrdata som grund för geologi
ska prognoser har också de tveksamma personerna reviderat sin tidigare skep
tiska inställning tack vare att: 

• metoden med tillfredställande säkerhet kan förutsäga förhållanden framför 
stuffen 

• resultaten blir tillgängliga mycket snabbt och metoden inte stör produktionen 
• resultaten blir dokumenterade på ett likartat och strukturerat sätt hela tiden. 

Informationen som förvisso finns hos borraren (hans känsla) stannar oftast hos 
honom om en strukturerad dokumentationsrutin saknas 
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• informationsflödet vad gäller geologin har blivit mycket mer strukturerat, vilket 
lett till ett ökat engagemang hos bergarbetarna och därmed minskad 
sannolikhet för misstag på grund av brister i kommunikation 

Vid Hallandsåsprojektet har metoden i första hand använts som beslutsun
derlag för den detaljerade anpassningen av drivningsmetoden till bergkvaliteten 
som krävts på grund av bergmassans inhomogenitet. Exempel på beslut som 
daghgen tagits framme vid stuff är beslut om salvlängd och beslut om grävning/ 
knackning alternativt sprängning. Till viss del har resultaten även legat till grund 
för beslut kopplade till den initiella bergförstärkningen. 

För dessa två användningsområden har metoden stor potential framförallt i 
geologiskt komplexa och inhomogena bergmassor där kontinuerlig försondering 
bedöms nödvändigt av geologiska skäl, där geologiska faror får stora 
konsekvenser samt i mindre projekt där det inte finns en projektgeolog på plats 
kontinuerligt. Andra applikationer är möjliga men har inte studerats vid 
Hallandsås. 

Slutligen kan konstateras att undermarksbranschen med tillförsikt bör se 
fram emot en ökad användning av analys av borrdata. Det är emellertid viktigt att 
beställare, entreprenörer och konsulter ökar sin kunskap om metoden, dess 
fördelar men också dess begränsningar, så att man gemensamt kan finna bra 
nyttiga användningsområden samt förnuftiga kontraktsupplägg för metodens 
användning. 

D5 



TABLE OF CONTENTS 

page 
ABSTRACT 3 

SAMMANFATTNING 4 

TABLE OF CONTENTS 7 

1 INTRODUCTION 9 

1.1 Background and objectives 9 
1.2 The Hallandsås railway project 9 
1.3 Geological description 12 
1.4 Geological investigations ahead of the tunnel face 13 

2 BASIC THEORY 15 
2.1 Drill monitoring for ground characterisation 15 
2.2 Analysis of drilhng data 15 

3 THE DRDLL MONITORING SYSTEM AND OPERA
TIONAL ROUTINES 21 

3.1 Monitoring system installed on the drill rigs 21 
3.2 System for interpretation of drilling data 21 
3.3 System for interpolation and graphical presentation 

of drill data 23 
3.4 Rock classification parameters at the Hallandsås project 25 
3.5 Operational routines 26 
3.5.1 Operations on the drill rig 26 
3.5.2 Operations during interpretation of drill data 26 
3.5.3 Routines for distribution of information 27 

4 RESULTS 29 
4.1 Comparison with observed geology 29 
4.1.1 Predicted large scale picture 29 
4.1.2 Prediction of weathering and RQD 32 
4.1.3 Semi- variogram analysis 35 
4.1.4 Consistency of results from the north and the 

south tunnels 36 
4.2 Operational decisions based on drill monitoring 40 
4.2.1 Contractual aspects of decisions 40 
4.2.2 Method of excavation 41 
4.2.3 The use of geological prognoses as a basis for 

decisions 42 

D6 



4.2.4 Drill monitoring and its impact on decisions 44 
A.2 A.l Flow of information 44 
4.2.4.2 Decisions 45 
4.2.4.3 Application example south-west tunnel -

sand pocket? 46 

5 CONCLUSIONS AND DISCUSSION 49 
5.1 General technical aspects of drill monitoring 49 
5.1.1 Advantages 49 
5.1.2 Limitations 50 
5.2 Experiences from the Hallandsås project 50 
5.2 Future development and potential applications 51 

REFERENCES 53 

D7 



1. INTRODUCTION 

1.1 Background and objectives 

Monitoring of percussion drilling parameters is a technique that has been 
used within geotechnical investigations, geological drilhng and mining for several 
decades. However, the commercial use in tunnelling has not been extensive. 

As an attempt to evaluate the benefits of drill monitoring as a basis for 
geological prognoses and decisions related to excavation, a research study has 
been carried out within the Hallandsås Railway Project in Sweden. The study has 
focused upon evaluating the practical use of the technique and the commercial 
benefits from a mnnelling point of view. It is not primarily a study of statistical 
inference, i.e., the ability of the method to predict geological conditions, even if 
this issue forms the base and prerequisite of later use of the results. Furthermore, 
the study aims at discussing how and for what purposes the method should be 
used in order to make the tunnelling process more efficient. 

Hopefully, the results from this study will create a platform for wider use of 
drill monitoring within underground construction. 

The research study is carried out jointly by Skanska Anläggning AB, the 
division of Applied Geology at Luleå University of Technology and Banverket. 
Financial support has been provided by SBUF, The Development Fund of the 
Swedish Construction Industry. 

1.2 The Hallandsås railway project 

In order to promote fast, efficient and clean transportation an increasing 
interest for railways is today apparent throughout Europe. Sweden is no exception 
and today the largest railway investment programme for over hundred years is 
being conducted by the Swedish National Rail Administration (Banverket). The 
railway on the west coast of Sweden from Gothenburg to Malmö (Västkustbanan) 
is an important communication link which will be extended to Denmark by the 
bridge between Malmö and Copenhagen, Figure 1. Once completed and taken 
into operation the new twin-track rail link, designed for high speed trains, will 
shorten the travel time between Malmö and Gothenburg by 2 hours. Furthermore, 
the overall capacity of the rail link will be doubled. 
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Figure 1 Västkustbanan on the west coast of Sweden. 

One of the main obstacles for the railway between Gothenburg and Malmö, 
is the Hallandsås ridge on the border between the county of Skåne and the county 
of Halland. The ridge, which quite steeply rises to 150-200 metres above sea 
level, has created huge problems for railway traffic since 1885, when the first part 
of the railway was opened. Today the ridge continues to create problems for 
freight transportation and modem high-speed trains (X2000). In order to finally 
overcome the problems, two 8.6 km long tunnels between Båstad, on the north 
side of the ridge, and Förslöv on the south side of the ridge, are being 
constructed, Figure 2 and 3. 

In January 1996, the contract for the Hallandsås tunnels was signed by the 
Swedish National Rail Administration and Skanska AB after an international 
tendering. The value of the general contract is approximately MSEK 1,000 
MSEK and it is estimated that the project will be completed by the end of year 
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2000. The project was started in 1991, but due to technical and contractual 
problems a previous contractor aborted the project in May 1995 leaving only 20 
% of the total tunnel length completed. 

The cross section of the tunnels varies between 68 and 90 m 2 depending on 
the rock quahty. The excavation is carried out using conventional drilhng and 
blasting. Excavation will eventually be carried out on eight fronts, two from each 
side and four from an additional adit in the middle of the ridge. Rock support is 
done using bolts and fibre reinforced shotcrete. As a result of high water in-
leakage, some sections of the tunnel will be hned with an in-situ casted concrete 
lining.  

Figure 2 The location of the new tunnels through the Hallandsås ridge. 
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Figure 3 Schematic picture of the tunnel through the Hallandsås ridge. 

1.3 Geological description 

The rock mass in the area consists of Precambrian gneiss and amphibolite. 
The Hallandsås ridge is a horst which is topographically very conspicuous. The 
horst is a result of major uphfting that occurred approximately 100 million years 
ago, Wikman & Bergström (1987). The rock mass within the horst is strongly 
affected by the pronounced jointing and faulting that have occurred, implying 
very complex geological conditions. 

The uplifting movement especially, caused severe fracturing and crushing at 
each side of the horst, today seen as the northern and southern border zones. 
These zones have also been subjected to a relatively strong deep-weathering and 
parts of the rock mass have completely disintegrated into clay. Within the 
southern border zone Triassic sediments overlay the weathered basement rock. 
The sediments comprise clayey siltstones, claystones and unconsolidated 
sandstone. Figure 4 shows a vertical profile of the horst with the major weakness 
zones. 
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Northern border zone 200 m wide. 

Figure 4 Schematic geological profile showing the Hallandsås horst. 

Due to the extensive clay-weathering the rock mass is partly very weak. The 
750 m wide southern border zone involves particularly difficult tunnelling 
conditions. The uniaxial compressive strength of the rock is in the range of 0.2-1 
MPa in the weakest sections, which corresponds to "very stiff soil" or "very 
weak rock". The material can easily be cut with a knife. However, within the 
weathered rock mass, fresh cores stones are regularly encountered making the 
overall conditions relatively heterogeneous. 

In the southern border zone the ravelling behaviour of the clay-weathered 
rock gives the rock mass very short stand-up time (less than 1 hour). This is 
considered a major problem from an excavation point of view. 

In sections between the major fault zones the rock mass is generally fresh 
but highly fractured and permeable. As the horst constitutes a huge ground water 
reservoir, sealing of the tunnels is one of the key issues within the project. 

1.4 Geological investigations ahead of the tunnel face 

Due to the difficult rock conditions in the Hallandsås ridge, Skanska and 
Banverket want to improve pre-investigation techniques that can provide detailed 
information of the rock conditions immediately ahead of the tunnel face. 

The tunnels are excavated using continuous probe drilhng (percussion 
drilhng). The purpose of this probing is on one hand to investigate the geological 
conditions ahead of the tunnel face, and on the other hand to decide, based on 
inflow of water, whether grouting shall be carried out or not. In the fault zones 
the probe drilling is supplemented with horizontal core drilling (150-200 m). In 
addition to this some tests have been carried out using a seismic method (TSP) to 
characterise the rock mass ahead of the tunnel face, see Sattel [et al]. (1996). 

The most favourable pre-investigation technique is percussion probe drilhng 
and in order to improve the interpretation of this technique, drill monitoring, 
where drill parameters such as penetration rate and torque pressure are registered, 
has been introduced. On the basis of the recorded drill performance a fast 
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evaluation of structures and rock conditions can be made. In this respect it is 
important to bear in mind that an experienced drilhng operator gathers infor
mation about the rock he is drilhng through by "feehng". This feeling must not be 
overlooked or ignored. However, information of this kind is very subjective and 
definitely not documented in a structured way, which may lead to disruptions in 
flow of information, and therefore wrong decisions. Drill monitoring can 
consequently be considered a structured way to monitor and document the 
operators "feelings" with higher resolution and accuracy. 

During all probing, geologists make an instantaneous subjective interpreta
tion of the geology based on information from the muck from the drill hole and 
colour of flushing water as well as verbal information from the drilling operator 
concerning drilling conditions. Drill monitoring may also here provide 
supplementary information that can improve decision making and reduce 
uncertainties about rock conditions. 

The major benefits with drill monitoring are that interpretation can be 
available immediately after the drilhng is completed and that the method does not 
delay the tunnelling operation since monitoring is performed automatically while 
drilling. 

In order to evaluate the potential of drill monitoring, a system for analysis 
and presentation of drilling data was designed by the division of Applied Geology 
at the Luleå University of Technology. The design of the monitoring system, and 
the initial results and experiences from the Hallandsås project are presented in 
this paper. 
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2. BASIC THEORY 

2.1 DriU monitoring for ground characterisation 

The drilling response when drilling percussive holes can today easily be moni
tored by a microprocessor unit onboard the drill rig, Schunnesson (1996). The 
unit measures and records drilling parameters such as 

• time 
• penetration rate 
• thrust 
• torque pressure 
• percussive pressure 
• rotation speed 

at pre-set intervals along the hole. The response recorded by the monitored 
drilling parameters depends on the mechanical and structural properties of the 
penetrated rock. For example, the rate of penetration will, in general, provide a 
good indication of the drilling resistance (strength) of the rock, while the torque 
pressure normally shows a good correlation to fracturing. 

However, since the operators and the (killing control system on modern drill 
rigs have a strong influence on the recorded raw data, the interpretation is more 
complicated. In order to separate the drill parameter response generated by 
variations in rock conditions from variations caused by the operator and the 
control system on the rig, a full understanding of the fundamental relations and 
interactions between percussive drilhng parameters is required. The objective of 
the analysis is to provide a rock characterisation independent of variation in hole 
length, thrust, percussive pressure and other parameters influencing the drilhng 
process, and furthermore to provide a result that, as far as possible, only reflects 
the variation of ground conditions. 

2.2 Analysis of drilling data 

To understand the drilhng process an initial separation of drilling parameters 
in independent and dependent parameters is done, see Griffith (1983), Barr 
(1984) and Peck (1989). The independent parameters, such as thrust, rotation 
speed, and percussive pressure are directly controlled by the drill operator, while 
the dependent drill parameters such as penetration rate and torque pressure are 
related to the response of the drilhng system to the rock mass. In order to 
separate the dependent drill parameter response generated by variations in rock 
conditions from variations caused by the operator, the drill system and variations 
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among the independent drill parameters, an initial normalisation must be 
conducted. 

Usually, all drill parameters vary with increasing hole length. Penetration 
rate, for example, has a declining trend with hole length due to energy losses in 
drill string joints, reduced flushing efficiency and wearing of the bit. Therefore, 
the length dependent variation for all parameters must be normahsed. Furt
hermore, both penetration rate and torque pressure are significantly influenced by 
thrust. Penetration rate, for example, increases with thrust until a peak penetration 
rate value is reached. As the thrust increases further, the penetration rate will fall 
until the drill finally stalls. Since both the operator and the control system of the 
rig have a large influence on the thrust, it is impossible to maintain it at a constant 
rate. A normalisation is therefore necessary in order to compare results from one 
hole with those from another. For details on the normalisation procedure see 
Schunnesson (1997). 

In addition to the dependent parameters (penetration rate and torque pres
sure), it is also important to consider the variabihty of each parameter in the 
analysis, Schunnesson (1996). In a solid homogeneous and non-fractured rock 
mass the parameters show an even pattern while in inhomogeneous or fractured 
rock the signal demonstrates an uneven behaviour. 

The variabihty of penetration rate and torque pressure is calculated as a 
moving value over 50 cm hole sections (5 values, since raw data is monitored 
every 10 cm) along the holes. The variability of the penetration rate is given as: 

PRvar = Penetration rate variability 
PR = Registered penetration rate 
PRmr = Average penetration rate in interval 

The variability of the torque pressure is given by an analogous expression. Thus, 
the analysis performed at Hallandsås is based on: 

• normahsed penetration rate 
• normahsed torque pressure 
• variabihty of the normahsed penetration rate 
• variability of the normalised torque pressure 

In order to get an overview of the registered drilling data, "Principal Com
ponent Analysis" (PCA) is used. The idea of PCA is to find directions in the data 
space that will indicate typical features, see Wold [et al\. (1987). Unless a swarm 
of data points is spherical (for a 3 dimensional space) it is usually possible to 
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identify a dominant direction of the data and thereby, using regression, fit a line to 
the points. In most cases this direction will not coincide with a single variable. 

The drilhng data analysed in this report is stored in a matrix X, with p 
columns relating to the recorded drilling parameters and n rows relating to 
different data samphng locations along respective holes. 

After normalising, X can be approximated by one n-dimensional column 
vector t times one p-dimensional row vector c. The c-vector is usually called the 
loading vector, as it contains the contribution of each originally measured variable 
to the model. The t vector is called the score vector because the elements in t 
take the place of each object in the model. 

A 1st PRINCIPAL COMPONENT 

VARIABLE 1 

Figure 5 Scatter gram of a set of data with measurements taken on two 
variables, after Stähle (1987). P] and P2 gives the influence on 
the component by each initially recorded variable respectively, e, 
gives the residuals not explained by the component. 

By plotting the score (t) vectors against each other, informative 2-D pictures 
of the objects configuration in the multi-dimensional data space are obtained. The 
effect of each originally measured variable on each score point can be identified 
by studying the loading (c) vectors together with the score vectors, see Figure 5. 
A more detailed description of PCA can be found in Wold [et al\. (1987) and 
JoUiffe (1986). 
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In Figure 6, the first two principal component loading vectors for the holes 
from Hallandsås are plotted. The first component captures almost 40 % of the 
data variation, while the second captures 29 %. 
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Figure 6 Loading plot of the first and second principal component of the 
drilling data from the Hallandsås project. 

From Figure 6 it is evident that the penetration rate is negatively correlated 
to the torque pressure, and both are basically not correlated to penetration rate 
variation and torque pressure variation. For the drilling response in Hallandsås the 
first component reflects the magnitude of each parameter while the second 
component reflects the variation of penetration rate and torque pressure. The 
pattern in Figure 6 is very similar to the results found at the Glödberget tarmelling 
site in Sweden, Schunnesson (1996) and in the Viscaria copper mine in northern 
Sweden, Schunnesson & Holme (1997). 

At Glödberget a close correlation between fractaring and parameter varia
bility was found. The fracturing was expressed as RQD (Rock Quahty Designa
tion), see Deere (1963). The major difference between the drill parameter res
ponse in Glödberget compared to that of Viscaria and Hallandsås, is that the 
penetration rate in Glödberget was correlated to the torque pressure while in 
Viscaria and Hallandsåsen, the penetration rate and the torque pressure are essen
tially negatively correlated. 
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The entire tunnelhng site at Glödberget consists of a grey, medium to 
coarse-grained granite, shghtly foliated and with a pronounced sheeting. From a 
drilhng point of view the mechanical variation of the rock matrix is hmited and 
the major variations depended on variations in fracturing of the rock mass. 

In Viscaria the strength of different rock types varies considerably. Also at 
Hallandsås a large variation in rock strength is seen, mainly due to weathering, 
but also due to the fact that the different rock types have different strengths. 

In fractured rock, both penetration rate and torque pressure generally incre
ase compared to drilhng in unfractured rock, Schunnesson (1996). Fracturing 
increases the rotation resistance of the bit registered by an increased torque 
pressure. Fracturing also promotes penetration rate up to a certain level. Above 
this level, in severe faults etc., stalling effects and flushing problems are registe
red resulting in reduced penetration rate. However, in Glödberget, where the drill 
parameter variation is dominated by normal fracturing and the entire tunnel is 
excavated in the same rock type, a correlation between penetration rate and 
torque pressure is expected. 

In Viscaria and Hallandsåsen, where the drill parameter variation is genera
ted by a large variation in rock strength in addition to fracturing, a negative cor
relation between penetration rate and torque pressure is seen. Since the norma
lised torque pressure is independent of bit penetration, wall effects and thrust, it is 
to a higher extent related to the softness/hardness of the rock, Schunnesson 
(1997). Normally, the weaker/softer and less resistant to penetration the rock is, 
the larger the penetration rate. As the rock becomes less competent, the buttons 
of the bit tend to break away rock chips as the bit is turning instead of sliding out 
of the generated craters without rock deformation. The softer the rock, the larger 
the pieces that break away. The drilling process gradually moves from percussive 
drilhng, where all rock removal is generated by impacting, towards rotary drilhng, 
where thrust and torque alone can break the rock. The result of this, registered by 
the recorded parameters, is a reduction in torque pressure in relation to the torque 
pressure needed to move the button out of the crater with no rock deformation or 
breakage. The pattern found in Hallandsås (similar to that found in Viscaria) with 
a negative correlation between penetration rate and torque pressure therefore 
indicates that the drill parameter variation is dominated by a variation in rock 
strength (hardness). 

Thus, in Hallandsåsen, the geological interpretation of the drill monitoring 
data can be based solely on the component values, where the first component 
describes the "homogeneity" of the rock while the second component describes 
the "hardness" of the drilled rock. These parameters were therefore used to pre
sent the rock condition for each round. The initial calibration was based on totally 
5400 drill metres from both the north and the south side of the tunnel, covering 
different type of rock strength, fracturing and weathering. Different levels of drill 
parameters, such as thrust and percussive pressure, were also included in the 
initial analysis. 
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In order to correlate the drill parameters to different rock parameters, such 
as RQD or weathering, a prediction using "Partial Least Square regression" 
(PLS) was made, Geladi & Kowalski (1986). PLS is an extension of PCA to 
include the dependency structure between sets of variables. The goal is to find a 
relation between an X block (drilling parameters) and a Y block (RQD and 
weathering) such that Y is modelled by X. A PLS model can be considered as 
consisting of outer relations (X and Y block individually) and an inner relation 
linking both blocks. 
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3. THE DRILL MONITORING SYSTEM AND 
OPERATIONAL ROUTINES 

3.1 Monitoring system installed on the drill rigs 

The drilling operation at Hallandsås is based on Atlas Copco 353ES Rocket 
Boomers with cop 1838 rock drills. The jumbos are equipped with instru
mentation and software for boom positioning dehvered by Bever Control A/S in 
Norway. The system consists of transducers for positioning of each boom, a 
computer box, an In/Out unit and a screen with a keyboard. AU transducers com
municate with the computer so that each hole can be viewed on the screen. Drill 
plans and navigation data are loaded through the In/Out unit. The transducer 
signals are stored in the memory and later transferred to the PC. 

The system at HaUandsås is extended, compared to the standard system, to 
facilitate logging of driU performance parameters (penetration rate, torque pres
sure, thrust and percussive pressure) on the two outer booms. While drilling, aU 
drilling data, i.e., hole data, co-ordinates and drill parameters, are recorded and 
stored in the rig computer. 

The main purpose of the driU monitoring is to gather information during 
probe drilhng. The probe holes are drilled with 64 mm button bits and 10 to 12 
foot extension rods. 

3.2 System for interpretation of drilling data 

When the drilhng of a probing round is terminated the data is transferred, by 
means of a memory card, from the rig computer to the office PC for further 
analysis. Initially, raw data are transferred from the memory card, by a memory 
card reader and transformed into the right format using the software Tunnlogg 
from Bever Control A/S. Tunnlogg also creates data files (log-files) that contain 
aU logged drill parameters in addition to general information of the round and co
ordinates of every driU hole included. This data file is also used for the driUing 
data analysis and interpolations. 

The software for interpreting the drilling data consists of a program that 
performs all normalisation of drilhng data and calculation of the predicted rock 
mass conditions. The program also generates a data sheet for each driUing round 
which includes general information of the round, driUing parameters and 
predicted rock properties (mean value of all samples), see Figure 7. 
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HALLANDSÅS 
Drill rig ATLAS COPCO Boomer 353ES 
Location South side (East tunnel) 
Start co-ordinate 197600.0 
Stop co-ordinate 197587.8 
Start time 7:22 97-02-23 
Stop time 12:46 97-02-23 
Net. drilling time 2 hours 51 minutes 

Total number of drill holes: 35 
Number of holes (normal drilling) 0 
Number of holes (injection normal) 26 
Number of holes (injection extended) 9 
Number of holes (sounding) 0 
Number of holes (bolt hole short) 0 
Number of holes (bolt hole long) 0 
Number of holes (cleaning) 0 

Data file 32062A.LOG 

DRILLING DATA 

Penetration rate (Average)(m/min) 1.7628 
Penetration rate (Normalised Average)(m/min) 1.5676 
Penetration rate (Variation)(m/min) 0.2300 
Torque Pressure (Average)(bar) 54.2961 
Torque Pressure (Normalised Average)(bar) 46.5561 
Torque Pressure (Variation)(bar) 4.5115 
Thrust (Average)(bar) 64.7263 
Percussive pressure (Average)(bar) 194.4413 
Percent with reduced percussive pressure 28.1437 

GROUND QUALITY 

Amount of Anti-Jamming -0.2522 
Rock Fracturing 0.0881 
Rock Hardness -0.7469 
Predicted RQD 56.525 
Predicted Weathering 2.371 

Figure 7 Data sheet for a drill round. 

In addition to this a plot file for fracturing (component-1) and hardness 
(component-2) is generated. This plot file contains information on the interpreted 
parameters along each drill hole. 
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3.3 System for interpolation and graphical presentation of drill data 

The graphical presentations of rock hardness and fracturing are generated by 
Surfer™ from Golden Software Inc. Surfer provides different types of gridding 
methods of which Delaunay triangulation and kriging are used for the data from 
the Hallandsås project. 

At this stage the information is transformed from known sample points along 
single bore holes to interpolated vertical and horizontal profiles. This step 
introduces further uncertainty in the areas between the probe holes as the rock 
mass exhibits spatial variabihty and probing is a single point measurement. 

The optimal Delaunay triangulation algorithm creates triangles by drawing 
hnes between data points. Figure 8 illustrates gridding by triangulation for a 
section in the south east tunnel. The original data points are connected in such a 
way that no triangle edges are intersected by other triangles. The result is a patch
work of triangular faces over the extent of the grid. The triangulation method is 
an exact interpolator and works best when data points are evenly distributed over 
the grid area. Triangulation preserves break lines very effectively, assuming the 
data give a reasonable definition of the break. 

Kriging is a geostatistical method of interpolation for data sets exhibiting 
spatial correlation, see for example Matheron (1963) and Isaaks & Srivastava 
(1989). The basic tool that is used to describe and model any spatial correlation 
within the data is the semi-variogram. The semi-variogram describes the variation 
within a spatial data set as a function of distance. The basic assumption in the 
kriging process is that the estimation of each location will be based on the 
neighbouring sampled locations according to the spatial relationship between the 
sampled points. Each sample point is given a weight according to the specific 
kriging parameters given by the semi-variogram. The estimated point value is the 
sum of the weighted samples. 

The default gridding method in Surfer is kriging, mainly due to its robust
ness. Surfer uses a simple linear semi-variogram as default, giving an accurate 
and reasonable result under most circumstances according to the Surfer manual, 
Golden Software (1996). However, it is possible to determine the spatial corre
lation within a specific data set by modelling an experimental semi-variogram 
(using a standard geostatistical software package) and thereby obtain a very good 
interpolation. Surfer's kriging implementation is highly flexible and many of the 
kriging parameters may be specified according to site specific conditions. In 
Figure 9 the same data set as in Figure 8 is shown, however the gridding has been 
done using kriging with a spherical semi-variogram. 
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Figure 8 Example of interpolation using Delaunay triangulation. 
The profile is located in the south east tunnel, and contains 
information from 9 drill holes. 

Figure 9 Example of interpolation using kriging, the data set is identical to 
that in Figure 8. A spherical model is used with 0.6 sill and 4 m 
range. 
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The difference between triangulation and kriging diminishes with an 
increasing number of holes and decreasing distance between sampling points. For 
all interpolation methods the number of sampled points has some influence on the 
result. It is therefore, in this case, important to understand the underlying gridding 
process when interpreting the plotted results in order to determine whether the 
sample points are too few or not. 

3.4 Rock classification parameters at the Hallandsås project 

Based on the above analysis, four different parameters have been used to 
classify the rock mass in the Hallandsås project. The parameters are: 

• Predicted rock fracturing 
• Predicted rock hardness 
• Predicted RQD 
• Predicted Weathering 

The predicted rock fracturing coincides with the first principle component 
for the drilhng data, see Figure 6. The parameter varies between -10 (very fractu
red rock) and 3 (sohd rock). 

The predicted rock hardness coincides with the second principle component 
for the drilling data, see Figure 6. The parameter varies between -4 (hard rock) 
and 4 (soft rock). 

The predicted values of RQD are based on analysed correlations between 
drilling data and mapped conditions, see Section 2.2 and Section 4.1.2. RQD is 
the sum of length of core pieces longer than 10 cm expressed as a percentage of a 
given total length drilled, see Deere (1963). To estimate RQD in a tunnel the core 
is normally replaced by one or several scanlines along the tunnel walls and face. 
In the Hallandsås project the visually observed values of RQD have a resolution 
of 5, while predictions based on drill parameters have no limitations in resolution. 

Similar to RQD the predicted weathering is based on analysed correlations 
between drilhng data and mapped conditions. The variable weathering is in this 
case assigned a discrete number between 1 and 5 according to ISRM standards. 
W l stands for fresh rock and W5 imphes completely altered rock (soil). Also for 
weathering, predictions based on drill data can obtain any value in between. 
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3.5 Operational routines 

This Section aims at describing how the logistics and operational routines are 
handled at the Hallandsås project. The overall effort needed to provide the plotted 
final results used in the decision process is quite moderate. Furthermore, only 
limited training is needed in order to properly operate the complete system. 

3.5.1 Operations on the drill rig 

Probe drilhng, including logging of drill parameters, is carried out conti
nuously with 4-10 holes every 5-10 m, depending on the rock quahty. Out of six 
different available types of drill holes, see Figure 7 and Figure 10, only extended 
injection drilling and probe drilhng will generate a complete data log including all 
drill parameters. Consequently, when logging of drill parameters is required, the 
operator on the drill rig needs to choose the right type of drill hole on the 
keyboard in order to get a proper log file. Once this choice is made the drill 
hole(s) may, however, be used for any purpose. 

During the drilhng operation the operator must also press a button every 
time a new rod is added, otherwise logging will not continue with increasing hole 
length. This is the only additional operation necessary, onboard the drill rig, for 
the drill monitoring system to function. Consequently, the drill operator does not 
need any additional training in order to handle the system, as long as he is 
familiar with the ordinary operation of the Bever system or a similar 
positioning/logging system. 

3.5.2 Operations during interpretation of drill data 

Recorded drill parameters from probe drilhng are transported to the office 
for evaluation and presentation. Since the client (Banverket) always has a geo
logist attending the probe driUing, it was decided that the client should deliver the 
data from the driU rig to the office. 

However, evaluation can be done wherever there is a computer available, 
not necessarily in the office. It is even possible to perform this in the tunnel 
immediately after driUing. 

After copying the data from the memory card onto the hard disk of the PC, 
evaluation is done using the drill monitoring software. This software is opened 
from Windows and is simple to operate. The only information required by the 
program is the name of the logged file. Once this information is given the print 
out of log statistics (see Figure 7) and transformation to a plot file, used for the 
interpolation, is done automaticaUy. 
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The graphical presentation in Surfer is done with the help of a standardised 
plot. The presentation thereby always follows the same pattern, which is 
important for making the information simple and understandable and to avoid 
confusion. 

Figure 10 The screen shown in the jumbo before drilling is started. By 
choosing "Sonder hull" or "Injeksjon Ext" drilling will be 
performed with extended logging of drill parameters. 

3.5.3 Routines for distribution of information 

The graphical presentation of the rock conditions from the probe drilling is a 
"fresh" product with higher value the faster it is spread; at least if it is to be used 
within the decision process. Therefore, the distribution follows certain routines 
aiming at minimising the evaluation time. 

Once the data reaches the office the quality engineers evaluate and present 
the data as soon as possible. The time from completion of drilling to a printout of 
the results can be minimised to less than one hour. However, as the quahty 
engineer only works during daytime it can sometimes take a few hours before the 
presentation is ready, especially if the probing is carried out during the night shift. 
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Printed results are distributed to the chent (Banverket), the site manager and 
the rock supervisor. The rock supervisor is responsible for passing on the 
information to the rock workers, see also Section 4.2.4.1. If requested, informa
tion can be distributed further. 
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4. RESULTS 

4.1 Comparison with observed geology 

4.1.1 Predicted large scale picture 

The graphical presentations of the rock hardness easily created by the system 
provide both a detailed prediction of the rock beyond the front and an overall 
presentation of the rock quality for longer tunnel sections. In Figure 11 a 55 m tunnel 
section from the north-western tunnel is presented. In the beginning of the section 
(191/415-191/438) a longer probing round was drilled which also extended over 10 
metres above the tunnel roof. The indicated area of weaker rock has been 
characterised as amphibolite with dikes of diabase (kullait). The section also has 
higher weathering than the surrounding areas. 

Rock Hardness 

Figure 11 Vertical profile of the predicted rock hardness for a 55 m tunnel 
section in the Northwest tunnel. The tunnel lies between the black 
lines and the tunnel front is at the left side in the figure. Delaunay 
triangulation used as gridding method. 

Figure 12 shows a 60 m long vertical tunnel profile from the south-western 
tunnel. From the figure it can be seen that the results from drill monitoring in general 
indicate that the rock mass is harder below and in the lower part of the tunnel 
compared with the rock mass above and in the upper part of the tunnel. This general 
picture is in good agreement with the mapped geology. In this case the tunnel is 
entering the southern border zone where the border line between 
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highly weathered (soft rock mass) and moderately to slightly weathered (hard rock 
mass) rock lies just above the tunnel roof. From a tunnelling point of view, this 
difference in hardness is significant and the ravelling behaviour of the weathered 
rock mass causes problems in keeping the tunnel roof stable in this section. In this 
respect the use of probe drilling for geological prognoses ahead of the tunnel face 
play an important role, c f . Section 4.3. 

Rock Hardness 

Figure 12 Vertical profile of the predicted rock hardness for a 60 m tunnel 
section in the west tunnel on the south side. The tunnel front is 
located at the right side of the figure. Delaunay triangulation 
used as gridding method. 

The inhomogeneity within the tunnel section is further accentuated in the cent
ral parts of the southern border zone, see Figure 13 showing a 65 m section of the 
south-western tunnel further north along the tunnel alignment. At section 197/435 the 
plotted probing results show a significant decrease in hardness, which may imply that 
the weathered zone is coming down into the tunnelling section. The overall picture in 
this case also clearly indicates softer rock in the upper parts of the tunnel. In order to 
illustrate the correspondence with the real conditions the mapped weathering and Q-
values along this section have been included in the figure. 
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Rock Hardness 

Vertical proiile SW tunnel 
Low 

Q=0,005 
w=2-5 

Figure 13 Vertical profile of the predicted rock hardness for a 65 m tunnel 
section in the west tunnel on the south side. The monitored holes 
are shown in the figure, as well as the approximate location of the 
tunnel roof and floor (black lines). In order to establish the 
location of the contact between the completely weathered rock and 
the less weathered rock vertical holes are included in the drilling 
round at certain distances. The weathering (w), as well as the Q-
index, Barton [et al]. (1974), are included as a reference. Kriging 
with a linear model used as gridding method. 

An example of a plot from a single probing round is shown in Figure 14. This is 
the type of result that constitutes the base for a small scale geological prognosis which 
is included in the decision process, c f . Section 4.3. The correspondence with the 
mapped geology is satisfactory and it is interesting to note that the drill monitoring 
captures the softer sections in the upper right abutment in the horizontal plot. The 
picture with increasing hardness with depth is consistent throughout the southern 
border zone. 
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Figure 14 Vertical and horizontal profüe of predicted rock hardness from 
a single probing in the south-eastern tunnel. The mapped 
conditions (weathering) have also been included as tunnel 
sections in the figure. The dotted lines indicate the roof and floor 
of the top-heading. Kriging with a linear model used as gridding 
method. 

4.1.2 Prediction of weathering and RQD 

In order to quantify the agreement between the interpreted parameters 
weathering/RQD and the spatial correlation between data, a statistical analysis has 
been carried out. 

Predictions of RQD and weathering have been made for a 200 m long tunnel 
section between 191/377 and 191/563 on the north side, and an equally long tunnel 
section between 197/658 and 197/459 on the south side. The data set has been 
sectionalised in accordance with monitored drilling rounds, totally 66 rounds. An 
RQD and weathering value has been assigned each round based on the visual geolo
gical mapping. Since the length of rounds and the length of the visual mapping 
intervals do not fully coincide, the mapped values have been 
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averaged according to the length included. This is why the observed weathering 
values sometimes differ from discrete values. The data set covers a large variety 
of rock conditions and contains rock with RQD varying between 10 and 80, and 
weathering varying between 1 and 4. 

The predictions of weathering show generally good correlation, see Figure 
15. However, since the weathering is assigned a discrete value between 1 and 5 
(according to ISRM standard) and the predictions are continuous, predicted 
values will be rounded off. For example, any weathering value between 1.51 and 
2.49 will be defined as weathering 2. Any point inside the shadowed area in the 
figures, is therefore correctly predicted, while points outside of the area have an 
error in relation to the outer boundary line of the shadowed area. The variance 
explained (Sum of Squares explained, corrected for degrees of freedom) for the 
predictions is 47.9%. 

i—1—r 
1 2 3 4 

Observed Weathering 

Figure 15 Plot showing predicted weathering versus observed weathering 
for the Hallandsås project. The variance explained for the pre
dictions is 47.9%. 
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Figure 16 Plot showing predicted RQD versus observed RQD for the 
Hallandsås project. The variance explained is 36.6%. 

The prediction of RQD also shows a reasonably good correlation with the 
observed values, see Figure 16, even though the variance explained for the predi
ctions is 36.6% which is lower than for the prediction of weathering. The RQD 
values are visually observed and given a number between 0 and 100 in intervals 
of 5. Therefore any point inside the shadowed area in the figure is correctly 
predicted, while points outside of the area have an error in relation to the outer 
boundary line of the shadowed area. The dotted lines indicate an error of ±10. 

When looking at the difference between observed and predicted values it is 
important to pay attention to some possible errors and the difference in sampling 
technique. The observed values are strictly related to visual observations on the 
surface of the tunnel after excavation, while the predicted values are based on 
driUing data from virgin rock not yet influenced by the excavation. BasicaUy, this 
ought to result in higher RQD-values in the prediction. Furthermore, it is 
important to remember that fracturing normally is an inconsistent rock mass 
property. For weathering, on the other hand, a discrepancy of several meters in 
measurement/mapping location may not have a simUar influence on the result. 
Another possible error is that, depending on the number of holes, the driUing data 
provide a prediction based on a larger volume of rock than the geological 
mapping is based on. 
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4.1.3 Semi-variogram analysis 

One benefit of drill monitoring, compared to, for example, core drilling or 
geophysical logging, is the amount of data available. The extensive data sets 
gained during logging can provide a base for statistical analysis of the spatial 
correlation of rock mass properties. This may be useful in order to investigate the 
benefit of further geological investigation, i.e., will the information value increase 
if we drill another probe hole or will a core hole drilled at some distance away 
from the tunnel alignment give any information at all? 

The semi-variogram is the geostatistical tool used to measure the degree of 
spatial correlation between samples in a region, it is also the foundation for the 
kriging interpolation procedure described in Section 3.3. With an experimental 
semi-variogram reflecting the true spatial correlation within a rock mass better 
predictions of the rock properties between samphng points (holes) is achieved. In 
Figure 17, the average experimental semi-variograms for the predicted rock 
hardness on the north and south side are presented. The semi-variogram is 3-
dimensional and isotropic. 

0 1 2 3 4 5 6 7 8 9 10 
Separation Distance h 

Figure 17 Semi-variogram for predicted rock hardness from the north and 
south side of the Hallandsås tunnel. 
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In the semi-variogram, the calculated variance between samples increases 
with increasing separation distance up to a certain distance where it levels off. 
However, even after this point a minor increasing trend remains. Since the 
influence distance (the bending points of the curves) differs between the north 
side (1.5 m) and the south side (4 m), there is a possible dependence on rock 
properties. It can also be concluded that measurement points further than 4 m 
from the tunnel have limited value for predicting tunnelling conditions. Since a 
geostatistical analysis is beyond the scope of this work, only the above 
indications of the potential with drill monitoring are included. 

4.1.4 Consistency of results from the north and south tunnels 

The general rock conditions on the north and south side of the tunnel vary 
considerably. In order to study this difference and to see how well predicted 
results capture the difference, a 200 m long tunnel section between 191/377 and 
191/563 on the north side was compared with an equally long tunnel section 
between 197/658 and 197/459 on the south side. The distributions of predicted 
average values for rock hardness, weathering and rock fracturing are compared in 
Figures 18,19 and 21. The distributions are based on 37 drill rounds from the 
north side and 26 drill rounds from the south side. 

Figure 18 shows a comparison of the predicted rock hardness for the two 
sites. In the south tunnels, no values below -1.5 exist, indicating less competent 
rock. Instead, 30% of the values are above 0 (soft rock) which should be com
pared with 10% for the north tunnels. The overall average value of rock hardness 
is -0.77 in the north tunnels compared to -0.26 in the south tunnels, indicating 
softer ground conditions on the south side. This is in agreement with the overall 
geological picture. 
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Figure 18 Distribution of predicted average rock hardness from the south 
and north tunnels. 

Figure 19 shows a comparison of the predicted average weathering. The 
difference between the north and south side is significant. In the north tunnels 
most predictions are weathering 2, whereas the south side exhibits a large number 
of predictions of 3 and above. The mapped values of the degree of weathering, 
within the same sections as for the predictions in Figure 19 are presented in 
Figure 20. The resemblance to the predicted situation is obvious, even though the 
observed weathering has a greater span. The difference between the two sites is 
clear, both for the observed values and for the predictions. 
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Figure 19 Distribution of predicted average weathering from the south and 
north sides respectively. 
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Figure 20 Mapped weathering in the south and north tunnels respectively. 

In figure 21 the average predicted rock fracturing is compared. Also for this 
parameter the difference between the north and south sides is significant with 
higher fracturing in the south tunnels. The average value for the north tunnels is 
0.47, while it is -0.03 for the south tunnels. 
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Figure 21 Distribution of predicted average rock fracturing from the north 
and south sides respectively. 

In order to see the difference between the north and south sides of the tun
nel, the average values for fracturing (first component) hardness (second compo
nent) are included in the loading plot in Figure 22. The north side has lower 
penetration rate and less variabihty compared to the south side, indicating more 
competent and homogeneous rock. 
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Figure 22 Loading plot from the Hallandsås project (same as figure 6). The 
average values from the south and north sides are included. 
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4.2 Operational decisions based on drill monitoring 

This section highlights issues related to operational decisions taken during 
the tunnelhng works. The purpose is to focus upon the use of the results from drill 
monitoring of probing and how this technique fits into the main flow of 
information within the project. Furthermore, the impact the new technique has 
had on decisions related to tunnelling works is discussed. The results presented in 
this section are mainly based on information from tunneUing through the southern 
border zone (south tunnelling site). 

4.2.1 Contractual aspects of decisions 

The contract between Banverket and Skanska is a general contract. Payment 
is made according to rates specified in a Bill of Quantity. Banverket is 
responsible for the design of all permanent structures, including permanent rock 
support, while Skanska is responsible for the design of excavation method and 
initial rock support. 

As owner and responsible designer, Banverket carries out aU geological 
mapping and rock mass classification. The classification is done according to the 
Q-system, Barton [et at\. (1974). This task is handled by the three project 
geologists. Decisions on permanent rock support are based on Q-classification 
and geological mapping. Practically, these decisions are taken by Banverket's site 
engineers. Furthermore, decisions on grouting measures are principally taken by 
Banverket, however, the design of grouting fans (grout mixes, drilhng pattern 
etc.) is done in cooperation with Skanska. 

A board of experts foUows the project continuously and audits technical 
issues. The expert group is available to both Banverket and Skanska. 

The basic principles of Skanska's organisation, specifically focused upon 
the excavation process, is shown in Figure 23. One of the site management 
objectives is to have clear and free, yet stringent flow of information through the 
organisation in both directions (top-down and bottom-up). This is necessary in 
order to succeed with a complex project such as Hallandsås. Furthermore, the 
decisions taken must be clear and they must reach the right people at the right 
time. In order to fulfi l these objectives some important measures have been taken. 

• the excavation method is flexible and based on well-known working 
procedures 

• an active design approach is used in which the use of geological predic
tions/prognoses plays an important role and thereby also driU monitoring and 
interpretation of probing data 

In the following sections these principles are described more thoroughly. 
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Figure 23 Schematic illustration of the part of Skanska's organisation 
involved in the excavation process. 

4.2.2 Method of excavation 

The tunnelling method applied to the weak zones in Hallandsås is based on 
conventional drilhng and blasting. As the rock quality decreases, the method and 
rock reinforcement (bolts and shotcrete) are continuously adapted in order to 
create a safe and effective excavation, Figure 24. This is done stepwise by taking 
measures such as: 

installing spiles and pre-bolts 
making shorter rounds 
dividing the face into smaller sections (top-heading/bench or multiple drift) 
excavating with hydraulic breaker or excavator (instead of using explosives) 
drilling de-watering bore holes 
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Figure 24 Schematic illustration of the excavation method used at 
Hallandsås. 

In addition to this the initial support is increased and reaches systematic 
bolting (c/c lm) and 300 mm fibre-reinforced shotcrete in the weakest sections. 

One important aspect when tunnelling in poor ground conditions is that, 
even though the method sometimes needs to be flexible, the work must be syste
matic and kept within certain limits. The more systematic and repetitive the 
working sequence is the safer and more effective the work will be. The number of 
human errors, which are inevitable in such complex working processes, also 
decreases if the rock workers always know what to do. The tunneUing manage
ment team must in this respect always be one step ahead with planning and 
design of excavation. One of many tools used for this planning is geological 
predictions. 

4.2.3 The use of geological prognoses as a base for decisions 

As indicated above, geological prognoses are continuously made as a base 
for decisions on how to adapt the excavation method to the conditions ahead of 
the tunnel face. 

In the southern border zone (very poor rock conditions) geological progno
ses in two different scales are used. A medium scale prognosis (100-200 m ahead 
of the face) is made in order to decide on: 
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• use of top-heading/bench or full section 
• use of de-watering drill holes behind the face 
• and use of extraordinary measures (well-points, ground freezing) 

The medium scale prognosis is mainly based on information from sub-horizontal 
core driUing carried out every 150-200 m. 

In addition to this a smaU scale prognosis (15-20 m ahead of the face) is 
made in order to decide on: 

• length of rounds (1-5 m) 
• use of spiling and pre-bolting 
• use of explosives or mechanical excavation (excavator and/or hydrauhc 

breaker) 
• and use of multiple drift (divided heading) 

This prognosis is based on information from probe drilling, including monitoring 
of drill parameters (see Figure 14), and geological mapping. 

Weathering is the geological parameter that has the greatest influence on the 
tunnelhng operation. The weathering in the southern border zone is extensive and 
the border line between completely to highly weathered and moderately to 
slightly weathered rock fluctuates in the upper part of the tunnel. It is sometimes 
situated above the tunnel roof and sometimes even below the floor of the top-
heading. From an excavation point of view it is important to know the location of 
this border in advance in order to decide on the detailed excavation design. In this 
respect probe driUing with driU monitoring plays an important role, as the 
correlation between predicted hardness and mapped weathering is strong, see 
Section 4.1. 

So far, the project geologists have attended all probing, making an instan
taneous subjective interpretation of the geology based on information from the 
drilhng muck and colour of flushing water as weU as verbal information from the 
driUing operator concerning driUing conditions. After a completed probing the 
monitored driU parameters are automatically interpreted, as described in Chapter 
2, and the geologist's subjective interpretation is calibrated using the plotted 
vertical and horizontal profiles of rock mass hardness and rock mass fracturing. 
However, as the use of, and confidence in, automaticaUy interpreted driUing 
parameters increases, the importance of the presence of a geologist during 
probing diminishes. This will, of course, in some way make the process of 
making smaU scale geological prognoses more effective and less subjective. 
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4.2.4 Drill monitoring and its impact on decisions 

Since drill monitoring of probing used for small scale geological prognoses 
was introduced at Hallandsås it has been used within two major areas. On one 
hand as a tool to improve the flow of information within the organisation and on 
the other hand to facilitate decisions concerning detailed excavation design. 
These aspects are described in this section together with an application example 
on how drill monitoring has been used. 

4.2.4.1 Flow of information 

One of the main factors of lowering the probability of realisation of 
geological hazards (ravelhng, running and flowing ground) during tunnelhng is to 
have a clear and stringent flow of information between rock workers, decision 
makers (production and site managers) and geologists. This flow of information 
should be both informal, i.e., by establishing daily verbal contact between mana
gement and workers, and formal, i.e., by having meetings and planning sessions. 
The type of information that is important concerns excavation method, materials, 
equipment and obviously geological conditions. As the geological conditions are 
crucial for the excavation the small scale prognosis is an important part of the 
information flow. 

Figure 25 illustrates how the monitored drill data, i.e. eventually the small 
scale geological prognosis based on probe drilling, flows through the organisa
tion. The easy handling of the monitored data, first as raw input data on a disc, 
later as a plotted interpretation, provides a very good possibility to spread the 
geological prognosis within the organisation. Furthermore, this prognosis is 
consistent throughout the project and relatively easy to understand. Though 
everyone has to be aware of the limitations of the method and understand some of 
the underlying principles, this effect is difficult to achieve without a simple 
instantaneous interpretation tool. 
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Figure 25 Principle of handling daily geological information for small scale 
prognosis at the southern tunnelling site. Weekly site meetings 
are a very good forum for exchanging information and for "brain 
storming " in order to plan a safe and effective excavation. 

Another positive effect resulting from the introduction of drill monitoring is 
that the driUing operators and rock workers have shown a greater engagement 
and interest in geological issues. This is natural, as they participate in the infor
mation flow in a more obvious way and they also see physical results of their 
driUing. On the other hand, the introduction of a new technique is always met 
with certain reluctance, especiaUy as tunneUing is a conservative industry. 
However, in this case the new method has received quite a good response, even 
from the start. This might be explained by the simplicity of the method. 

4.2.4.2 Decisions 

The excavation method in combination with the inhomogeneous rock mass 
at Hallandsås requires to a certain extent daily decisions concerning the detailed 
excavation design. These decisions are formaUy taken by the site manager and the 
rock supervisor. Decisions concerning the long term planning and systematic 
framework of the working method are taken by the production manager. The 
basis for these decisions consists of several factors, one of which is predicted 
geological conditions. As the geology is always associated with uncertainty, 
obviously better predictions will lead to better decisions and a more effective 
tunneUing process. 

The driU monitoring has not imphed any dramatic change in the decision 
process itself. Prior to the introduction of drill monitoring the geological prog
noses were based on the geologist's subjective interpretations and the drilling 
operators feehngs. However, since the introduction of drill monitoring the 
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geological prognosis has become a more distinct part of the decision process and 
it is given more concern. As discussed earlier the prognosis is also more accurate 
and has higher resolution, which of course facilitates the decisions. 

As the use of the method increases, and gradually the confidence in it also 
increases, drill monitoring will constitute a good basis for decisions at Hallandsås 
specifically and in tunnelling generally. 

4.2.4.3 Application example Southwest tunnel - sand pocket? 

This practical example aims at illustrating how a change in geological 
conditions, indicated by the small scale prognosis, may influence the working 
procedure and the decision process. 

The surface pre-investigation indicated a depression with completely 
weathered rock and sediments approximately at the tunnel level between sections 
197/350 and 197/450. These conditions have also been confirmed by the medium 
scale prognosis (horizontal core drilhng from the tunnel face). TunneUing in this 
section must be carried out with great care in order to avoid collapses of the 
tunnel. 

The small scale prognoses indicated that the border hne between highly 
decomposed gneiss and unconsolidated sandstone lies approximately 5-8 m 
above the tunnel roof from section 197/500 and onwards (the tunnel is driven 
towards lower chainage). A probing at 197/457 indicated softer conditions at the 
tunnel level at approximately 197/445. However, it was decided that another 3-5 
metres would be excavated using the same concept as earlier. 

During excavation in highly weathered and raveUing rock at section 
197/453, a collapse of the left upper abutment occurred and water seepage was 
observed. The presence of water made the tunnelling crew and the geologists 
suspect that the unconsohdated sandstone was getting closer to the tunnel roof 
and eventuaUy maybe even coming into the tunnel section. At this stage the 
excavation was stopped and the collapsed area was reinforced. Furthermore it 
was decided that additional probe drilling with longer probe holes (25-30 m) 
would be done in order to locate the possible unconsolidated soft material. 

The driU monitoring carried out between 197/453 and 197/423 indicated 
extremely soft material just above the tunnel roof and at the tunnel level further 
ahead, see Figure 26 and Figure 13. 
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Vertical profile SW tunnel 

Figure 26 Vertical profile of the predicted rock hardness for the probing at 
197/453, Southwest tunnel. The probing has been carried out 
above and in the upper part of the tunnel. The black line appro
ximately corresponds to the tunnel roof. Kriging with a linear 
model used as gridding method. 

Looking at Figure 26 it is important to note that some areas of the grid are not 
supported by samples from the actual drill holes, i.e. there is a great degree of 
uncertainty. If unconsolidated sand comes down into the tunnel section some extra
ordinary measure would be necessary. The question obviously was whether this poor 
section was loose sand or not. 

It was decided, based on this geological information, to drill drainage holes in 
order to de-water the area and after that carry out grouting. It was deemed essential to 
stop the water seepage before excavating any further. This was a decision based on the 
fact that the loose material found during probing (which might be sand) could get 
inside the tunnel section further ahead, meaning running or flowing ground, i.e., major 
geological hazards. It was also decided that de-watering drill holes should be drilled 
through the entire depression and that the length of the rounds should be decreased to 
1.5 m. 

A thorough investigation of the drill muck from the long probe holes revealed 
that the loose material was completely decomposed gneiss and not unconsolidated 
sand, which was good news as the weathered gneiss has a relatively high clay content 
making the material somewhat cohesive. The grouting carried out was successful and 
the excavation could proceed still more carefully and further adapted to the ground 
conditions. 
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To conclude, this example clearly shows the importance of making 
predictions of the coming geological conditions and how the predictions could be 
used in the decision process. It also indicates the importance of a stringent 
information flow and of a good co-operation within the complete organisation. 

In this case automatically interpreted probe drilling together with subjective 
geological interpretations and a lot of tunnelling experience (supplied by the 
management and the workers) provided enough knowledge in order to cope with 
a difficult situation in a successful way. 
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5. CONCLUSIONS AND DISCUSSION 

5.1 General technical aspects of drill monitoring 

Drill monitoring as a pre-investigation method has been developed during 
the last decade. The practical use of the method within the underground industry 
has, however, been limited so far. In earher studies, see for example Schunnesson 
(1996) and Schunnesson & Holme (1997), a good correlation between predicted 
and observed rock mass parameters has been found. The good ability of 
predicting rock mass properties, in combination with the fast and easy evaluation 
present major potential for the method within underground construction. 

In this report the focus has been placed on evaluating the practical use of the 
method from the contractor's point of view. Drill monitoring has been used as a 
basis for making geological prognoses of the rock mass 10-15 metres ahead of 
the tunnel face. These prognoses are in turn used as a basis for decisions related 
to the detailed design of the excavation method. Consequently, the drill 
monitoring method has been put into the context of practical tunnelling and in 
several ways improved the possibilities of making good decisions. 

In the following sections some general technical conclusions, summarised as 
advantages and limitations, concerning the method are drawn. 

5.1.1 Advantages 

During recent years use of the method, both at Hallandsås and previous 
projects such as Viscaria and Glödberget, the following general advantages of 
drill monitoring have been identified. 

+ A major potential with drill monitoring is the time factor. The monitoring is 
performed during the drilling operation and the foUowing interpretation only 
takes a few minutes work on a computer. Furthermore, the method does not 
cause any disturbances for production and does not occupy the front of the 
tunnel. 

+ The data is collected automatically. Without drill monitoring a geologist must 
attend the drilling in order to make a good geological prediction. 

+ In a tunneUing operation the holes that are monitored can normally also be used 
in production (for example as grouting holes, spiling holes and holes for rock 
bolts). Consequently, the method does not involve any additional cost for the 
driUing operation, and since the operational cost for the actual monitoring is 
very low, a large number of holes can easUy be included in the analysis. This is 
a very good way to reduce uncertainties originating from the interpolation 
between sampled holes. 
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+ A larger number of sampling points can also provide data for statistical ana
lysis of the spatial correlation in the rock mass, i.e. to determine a specific 
semi-variogram. This also increases the reliability of the 2-dimensional maps 
based on random spaced point measurements. 

+ This operation is difficult and expensive when using for example core drilhng. 
+ The geological prognoses can be made objectively and consistently throughout 

a complete project. 
+ The plotted results can be included in the overall geological documentation and 

may be of use not only during the production of a tunnel, but for other 
purposes. 

5.1.2 Limitations 

- Drill monitoring only provides point measurements along the drilled hole. Any 
point beside the hole is not defined and will therefore introduce uncertainties in 
the analysis. I f the sampled drill holes are few and the geology inhomogeneous 
the uncertainties may be very large. However, all point measurements suffer 
from this hmitation. 

- The correlations between drilhng parameters and interpreted parameters are 
not always explicit. Consequently, it is important to keep the geological sense 
and not blindly rely on the drill monitoring results. Furthermore, it is important 
to respect an experienced drilling operator's feehngs about the rock mass he is 
drilling through and incorporate this in the overall interpretation. 

- The method is not universal in the sense that for every new site, a new inter
pretation model must be designed even if there are some fundamental 
correlations. The specific multiple correlations between drill parameters and 
the rock mass properties must be analysed. 

- The method is still new, from a commercial point of view. In order to suc
cessfully implement the method on a tunnelling site the production staff need to 
be engaged in the prognosis work and decision process. 

5.2 Experiences from the Hallandsås project 

The drill monitoring method was introduced at the Hallandsås project in 
February 1997, and has been used more or less continuously in production since. 
Several members of the project organisation were initially quite reluctant to use 
the method. However, as the plotted results started to circulate and as the 
interpretations succeeded in predicting the general geological picture to a 
satisfactory level, these negative or hesitant opinions were revised. At this stage, 
after 5 months use, a majority of the organisation staff feel that this method is a 
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very good tool for predicting conditions ahead of the tunnel face. A very 
experienced tunneller said; "We have always longed for an easy and cheap means 
of looking into the rock mass. Drill monitoring gives us this possibility". 

As discussed in Chapter 4, a satisfactory overall correlation with real con
ditions has been observed. This, of course, is a prerequisite for further use of the 
results in the decision process. During excavation through the southern border 
zone the degree of weathering or decomposition of the rock mass affects the tun
nelling operation to a large extent. The drill monitoring results, used to create a 
small scale geological prognosis, have been useful for the production staff and in 
several cases made decisions concerning the excavation easier. 

Another positive experience is that the distribution of the small scale geolo
gical prognoses is easier and more distinct. This facilitates a stringent and clear 
information/decision process and errors due to faulty communication become less 
likely. The rock worker's engagement in the geological conditions has also in
creased as they participate in creating the prognoses. A high engagement of the 
complete staff creates a basis for a good production rate and safe working envi
ronment. 

The major benefit of drill monitoring is, however, that the method is fast, 
practical and does not demand any additional equipment, time or access to the 
front. Al l these advantages are highly appreciated by the contractor. 

5.3 Future development and potential applications 

The experience from the use of drill monitoring at the Hallandsås project is 
almost exclusively positive. From the contractor's point of view, several advan
tages and potential applications may be identified as discussed above. 

It can be concluded that where continuous probe drilling is carried out drill 
monitoring will in most cases be useful. Generally, the benefit should be greater 
in inhomogeneous rock masses with poor conditions than in homogeneous rock 
masses of good quality. The application at Hallandsås is mainly related to the 
design of the excavation and to a limited extent the design of the initial reinfor
cement. Other applications, for example related to grouting, have not been 
studied. 
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The method has, in the author's opinions, great potential: 

• in geologically complex areas where geological hazards may lead to severe 
consequences and it is important to have knowledge of rock mass conditions 
ahead of the tunnel face; 

• in smaller projects where hmited resources exclude the continuous presence of 
a geologist; 

• where inhomogeneous geological conditions require different working 
procedures, and decisions related to changes in these procedures need to be 
taken in advance. 

The vision of further development is that every new drill rig will be equip
ped with a drill monitoring system where the interpretations and graphical print
outs are done automatically onboard the rig. This is, in theory, possible today but 
a more integrated system would be preferable. One problem is that all new sites 
need a specific interpretation model, calibrated to the specific geological 
conditions. Hopefully, an increased use of the method will provide data from 
different kinds of geological environments so that general correlations between 
drill parameters and rock mass properties are found and eventually implemented 
in the interpretation system. 

Finally, it should be noted that it is important for contractors, chents and 
consultants to increase their knowledge about the method, its advantages, but also 
its hmitations, in order to jointly agree on applications and contractual demands 
related to drill monitoring in future projects. 
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DRILL PRODUCTIVITY EVALUATION BY MONITORING 

Håkan Schunnesson 

Div. of Applied Geology, Luleå University of Technology, S-971 87 Luleå, Sweden. 

Synopsis 

Accurate evaluation of the performance of a drill system, in its production 
environment, is a critical factor for maximizing the performance of expensive 
drilhng equipment. 

The common method used to monitor and control production performance is 
typically to check the weekly or monthly production rate over a long period. This 
information is normally based on hand-written shift reports from the drilling crew. 
However, such reports are in many cases not very detailed and often not accurate. 

This paper describes how drill system performance evaluation can be 
performed using a micro-processor based drill monitoring system. During drilling 
time, penetration rate and drill hole depth are continuously monitored and logged. 
Based on this logged data each sequence in the drilling cycle can be characterized 
in detail and its probabihty function can be estabhshed. The total time 
consumption for different activities in the drilling cycle as well as the probability 
function for the total production can be presented. 

With a detailed knowledge of the existing drilhng performances, future 
production can be optimized. Further development and investments can be 
focused on objects that have the highest rate of pay-back. 
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Introduction 

Investments in new production drill systems are often capital intensive. 
Apart from the costs of the drill rig itself, a new system often requires 
investments in training and education of operators and maintenance crew, and 
other support systems. Furthermore, adapting the new system to the local mining 
environment is time-consuming, and it normally takes a substantial amount of 
time before the entire drilhng system reaches its full capacity. 

The requirement from rnining companies on new investments is, apart from a 
number of technical specifications, that a minimum production rate per week or 
month must be reached using a certain shift pattern. Methods for monitoring and 
controlling production performance typically involve checking the weekly or 
monthly production over a long period of time. However, information from 
production drilhng is normally based on hand-written shift reports from the 
drilling crew. Such reports are in many cases not very detailed and often not 
accurate. Even though the operators have a detailed knowledge and critical 
information concerning the conditions of the machine, there is seldom accurate 
documentation. 

From reports one can see that "the best day of production" or "week of 
production" is given as achieved length of drilling in metres, which is accepted as 
a sign of a high production rate and an effective working drilhng system. 
However, it is obvious that the best production occurs in situations when all 
drilhng conditions are favourable (soft rock, no fractures, no jamming, optimum 
thrust, new tubes, new bit, newly maintained drill rig, best operator etc.), which is 
not a common situation in the day to day production environment in the mine. 

An innovative technique to acquire very accurate time data from a drilhng 
system, is the use of drill monitoring systems. Primarily, drill monitoring is used 
to characterise the drilled rock, see for example Pfister , Peck and Vynne 2 and 
Schunnesson ^: The technique can also provide very detailed knowledge about 
every sequence of the drilling cycle, and also of different types of stoppages and 
non-productive time consumption. The probability density function of each 
activity can also be estabhshed. The major advantage of accurate time data from 
a driUing operation is its application in the evaluation of the performed driUing 
work, and in the planning of new contracts. Improvement in the driUing cycle, 
resulting in improved overaU production, is also a likely consequence of using the 
technique. 

In order to demonstrate the potential and simplicity of a production 
statistical drill monitoring system, a production driU rig was equipped with the 
monitoring system at a Swedish production site. Monitoring was performed and 
evaluated over 5 months. The results from the test are presented in this paper. 
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Monitoring a drill system 

Traditionally, the time consumed by each activity, such as drilling, rod 
handling, moving etc., in a driUing round, is considered as deterministic time data, 
and it is represented with just one time duration for each activity. However, this 
gives an inaccurate representation of time consumption, since each activity is 
subjected to stochastic variations due to factors related to operator, rock strength, 
fracture, condition of the rig, tubes and bits and many others. 

Handling probabilistic time data is complicated, since instead of a fixed 
time, the data is represented by a time distribution. The problem is complicated 
further since the duration of different activities may belong to different types of 
distributions. 

In order to establish the "uncertainty" parameters for an activity time, it is 
necessary to collect relevant data. This may be done in several ways: 

• by interviewing personnel experienced in the planning process; 
• compilation of existing data in a form which enables conclusions to be drawn 

regarding the expected activity time and range; 
• statistical analysis of activity times; 
• carrying out speciaUy designed work (time) studies; 
• monitoring equipment. 

The most accurate method of obtaining time data distribution is to monitor 
equipment during operation. Automatic monitoring of cycle time data for mining 
equipment is a rather straight forward procedure. The equipment for this 
apphcation need neither process nor present any data. It is sufficient to measure 
accurately and record machine and time data onboard the machine. The 
equipment needed for the onboard application currently available is robust 
enough to operate in difficult underground environment conditions. The data 
processing can easily be done later on in an office environment with standard 
graphical and statistical packages. 

The parameters that must be monitored for time data are of two types; 

• running times 
• operational variables 

The operational variable should indicate the way the machine is performing. 
For a drill rig the operational variable can be penetration rate, but other 
parameters can also be used. The primary information from this parameter is 
whether the machine is operating or not. The parameter penetration rate can also 
give information regarding the actual drilling time. The combination of 
penetration rate and running time gives information about stoppages of different 
kinds. In the driUing case, the interpretation of the logs is easier if the hole depth 
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is monitored together with the other two parameters, penetration rate and running 
time. 

Work site description and organisation 

In order to use equipment monitoring to obtain detailed time data, a drill rig 
was equipped with a monitoring device, in a field test in a production drill 
operation in Sweden. Holes varying in length between 20 and 55 m were drilled 
downwards with a drill rig equipped with a 4.5" ITH hammer. The ground at the 
site was fairly consistent with a single rock type present and with few fractures or 
faults. 

The drilhng information was collected for 5 months. During this period all 
holes, including more than 5000 m bore hole, were monitored 

The operation was based on two shifts, one morning and one afternoon shift. 
The morning shift started at 5:30 and ended at 13:30 while the afternoon shift 
started at 15:30 and ended at 23:30. A 45 minute lunch stoppage was included in 
each shift making an effective shift time of 7.2 hours. 

Monitoring technique 

The system used for monitoring drill parameters was Transtronic AB's 
INCLINATOR system, which in this case was an integrated part of the drill rig. 
During drilhng, drill parameters were recorded for every 10 mm of hole length. 
The monitored parameters were; 

• time at which data is sampled (h-min-sec) 
• drill hole depth (m) 
• penetration rate (m/min) 
• rotation speed (RPM) 
• thrust (kN) 
• air percussive pressure (bar) 
• torque pressure (bar) 

Hole length measurement was obtained by measuring the volume of fluid in 
the feed cylinder during forward movement of the rock drill. The volume is then 
divided by the area of the cylinder to give the displacement. The displacement 
together with the time is then used to calculate the penetration rate. The major 
benefit of this method of hole length measurement is that no external 
instrumentation is needed on the boom, which makes the system very robust. 

The thrust is recorded by measuring the forward and backward feed 
pressure. By knowing the areas and efficiency of the feed cyhnder, the mass of 
the hammer and the tubes, the hole inclination and the hole length, the exact 
thrust on the bit is calculated. The monitoring instrument was used not only to 
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record the thrust but also to control it towards a pre-set value. The selected thrust 
level is normally a trade off between penetration rate and hole deviation. 

The recorded torque pressure was the inlet pressure to the rotation motor. 
The corresponding torque can be calculated if gear ratio and the efficiencies are 
known, but since the torque and the torque pressure are directly proportional this 
is not necessary. The rotation speed was recorded by a tacho shaft mounted on 
the rotation motor, and the air pressure by an ordinary pressure transducer. 

For the time data monitoring, only running time and penetration rate were 
needed. However, the hole length was also used here to cross check the time print 
when the tubes were changed. 

The monitored drill parameters was stored on an ordinary 3.5" inch diskette 
by the monitoring instrument mounted in the operators cabin on the drill rig. From 
the cabin, diskettes were transferred to the office for analysis. 
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Results 

The time data collection is based on the statistics from each and every drill 
hole. Since the original drill data log is rather large (5000 lines for a 50 m hole), a 
small computer program was developed to extract the useful information from 
each hole log. An example of results from the program is presented in figure 1, 
where a single hole is analysed and the detailed time data information from the 
drilling operation is documented. Hole information, such as hole code, date of 
drilhng, dip and strike of the hole, time when drilling starts, completion time, total 
drilling time, total length drilled and average penetration rate are very accurately 
documented. In the upper part of the figure, all the stoppages during the drilling 
operation longer than a predetermined value (in this case 25 sec), have been 
given. Abnormal stoppages in the drilhng operation, as well as time consumption 
for tube changes exceeding 25 seconds are printed out. 

By reading for starting time, stop time etc. for consecutive holes, a total log 
for the operation is made available. In this case the total time for the drilhng 
operation was divided into sub-times, depending on the physical nature of the 
drilling. For this study the total time was divided into times for; 

• drilhng 
• tube handhng 
• taking up the drill string 
• moving between holes and setting up at new position 
• lunch stoppages 
• other stoppages during drilling 
• stoppages between drill holes 

In order to obtain not only the likely average time consumption for each 
operation, but also the time distributions, a large amount of data was collected. A 
few of the sub-times elements mentioned above are very well documented, while 
others are based on a limited number of readings. The drilhng time, for instance, 
in this case can be based on over 500 000 individual readings, which of course is 
neither meaningful nor possible within limited time frames. The information 
giving time consumption for lunch stoppages, on the other hand, is only based on 
less than one hundred values, due to the fact that it only occurs once each shift. 
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H O L E NR 955241 

- Stoppages longer than 25 seconds 

Time Hole Depth Length of Drilled Length 
Stop since last Stop 

h-min-sec (m) (sec) (m) 
7:48:52 1.89 213 1.90 
7:57:08 3.77 366 1.88 
8:05:13 5.65 331 1.88 
8:10:39 7.53 199 1.88 
8:16:48 9.41 254 1.88 
8:23:08 11.29 255 1.88 
8:30:39 13.17 320 1.88 
8:38:48 15.05 339 1.88 
8:47:12 16.93 341 1.88 
8:55:26 18.81 327 1.88 
9:03:46 20.69 334 1.88 
9:12:04 22.57 337 1.88 
9:21:04 24.45 349 1.88 
9:29:44 26.33 325 1.88 
9:38:30 28.21 323 1.88 
9:47:15 30.09 321 1.88 
9:55:51 31.97 296 1.88 

— Bore hole statistics -

Date of drilling: 950923 year-month-day 
Strike of hole: 90 (degrees) 
Dip of hole: 0 (degrees) 
Total registered hole length: 32.57 (m) 
Start of Drilhng: 7:39 (hours-min) 
Stop of Drilhng 10:02 (hours-rnin) 
Total drilhng time: 2:22.53 (hours-min-sec) 
Registered average Pen. Rate: 42.7 (cm/min) 

Fig. 1. Production statistic sheet for a single bore hole. The drilled 
lengths since last stop are all 1.88 m, which is the length of the 
tubes. 
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Drilling time 

The drilhng time is defined as the time when the rig is actually driUing, and 
does not include tube handling or any other stoppages during the completion of 
the hole. 

The variation in driUing time depends primarily on different rock conditions. 
However, there is also a clear trend towards lower penetration rate with increase 
in hole depth (figure 2). This trend is mainly due to increased air flow resistance, 
especiaUy beyond the hammer, which leads to decreasing pressure over the 
hammer and a lower volume flow. This in turn lowers the blow frequency and 
leads to successively poorer hole cleaning. Bit wear also contributes to the 
tendency towards lower penetration rate with increasing depth. 

70 
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Fig. 2. Average penetration rate versus hole length during the test 
period. 

Figure 2 shows that during the collaring process, indicated by a reduced feed 
force, the penetration rate is low. The penetration rate reduces with hole length by 
almost 40 % at a depth of 50 m. 

Since holes varying in length between 20 and 55 m are driUed, 
normalization to a uniform hole length must be done in order to evaluate the 
distribution of driUing times. The normalization must take into account the 
variation in hole length, as weU as the variation of the penetration rate versus hole 
length. To perform the normahzation the curve in figure 2 is used. 
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Figure 3 presents the distribution of drilling time for 37 m holes. The figure 
is based on 161 holes, with different lengths, normalized to 37 m. The distribution 
is log-normal, where the lower time values in the distribution relate to drilhng in 
rock with low drilhng resistance, and where the drilling times relate to the 
capacity of the drill rig. The tail of the distribution towards higher drilling times is 
instead related to rock with large resistance to drilling and where other types of 
drilling problems are frequently encountered. 
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Fig. 3. Normalized drilling time for 37 m long holes. 

Tube handling time 

The tube handling time is defined as the time lapse between the completion 
of drilhng with one tube and the point at which drilling with next tube starts. This 
time includes hole cleaning, unscrewing the rotation unit and hfting it to the top of 
the drill beam, fitting in the next tube and screwing on the rotation unit. During 
the test period several modifications were made to the automatic rod handhng 
system which effected the rod handling times. In figure 4, the rod handling times 
for the last part of the test period are presented. 

The spread in duration for changing the tubes over the period is extensive, 
varying from around 100 sec up to over 300 sec per tube change. The distribution 
is log-normal. The tail of the distribution depends mainly on repeated blowing out 
of holes in bad rock. 
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Fig. 4. Distribution of tube handling times during the last two months of 
the test period. 

Moving and set-up time 

The moving and set-up time is defined as the time between the completion 
of one hole and the point at which drilling of the next starts. This time includes 
time for taking up the string, moving to the next collaring point, and setting up the 
rig for driUing at the new location. 

Due to the measurement technique chosen, only the total time for this 
operation is available. An analysis obstacle is that the time for taking the driU 
string up is hole length dependant, whüe the rest of the operation is independent 
of hole length. In order to overcome this problem the time for taking up the drill 
string is assumed to be constant in time/tube, while the rest of the time, for 
moving and set-up, accounts for aU of the variation. 
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Fig. 5. The total moving and set-up time versus hole length. 
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Fig. 6. Moving and set-up time for the test period. 
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In figure 5 the total moving and set-up times are plotted against hole length. 
The inclination of the regression line provides the average take-up time, which in 
this case is 121 sec/tube. 

Figure 6 shows the remaining moving and set-up time. The variations in 
times are quite extensive, and a Weibull distribution provides the best fit. The 
very small time values at the lower end of the distribution relate to drilhng of 
pillar holes. These holes are basically drilled from the same collaring point, but 
with another inclination. The highest time value in the distribution relates to 
moving the rig between different drifts. 

Stoppages, break downs and other idle time 

The stoppages during the drilhng operation are separated into lunch and 
other stoppages. The lunch stoppages are indicated as 45 minutes. However, it 
takes some time for the crew to move back and forth to the drill rig location, and 
that is why the average time for lunch stoppages is shghtly more than 45 minutes, 
(figure 7). The lunch stoppages seem to be normally distributed, but the values 
are too few to make a definite statement. 

c 

0 15 30 45 60 75 90 105 120 
Lunch Stoppages (minutes) 

Fig. 7. Distribution of lunch stoppages during the test period. 

All time differences, between two individual log points (1 cm of driUing), 
greater than 25 sec that do not relate to tubes changes are considered to be 
stoppages during driUing. This type of stoppage includes accidental break downs 
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and other abnormahties during the drilhng operation. In figure 8 the distribution 
of these stoppages is presented. These types of stoppages are exponentially 
distributed, dominated by breaks with very short duration. 

0 50 100 150 200 250 300 350 
Stoppages During Drilling (minutes) 

Fig. 8. The distribution of breaks during the drilling operation. 

Stoppages in between the drilling of two holes cannot explicitly be 
characterised with this measurement technique. However, the total duration can 
be calculated by comparing the total times given above with the total available 
shift length. In this group of time data, several activities can be represented, such 
as planned maintenance, other repairs, transportation time for the drilhng 
operators, etc. 
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Drill system evaluation 

The detailed results obtained provide an exact duration for each activity in the 

drilling cycle. In Figure 9 the total time consumption for different activities in the 

drilling cycle is given in percentage of total available time for the entire 5 month 

period. 

17.5 

• Rock Penetration 
• Rod Handling 
• Moving and Setup 
• Stop During Drilling 
• Stop Between Holes 
• Lunch Stoppages 

7.1 
16.6 

Fig. 9. Time consumption (in percent) for each activity during the test 

period. 

In total, the activities involved in the drilling operation (rock penetration, rod 

handling and moving and set-up time) accounted for almost 62% of time 

consumption, while the rest (38%) are different types of stoppages. For this specific 

drilling operation, the actual drilling of the rock comprised less than 25% of the total 

time, while rod handling, moving and set-up time took over 38% of the total shift 

time. The unproductive cycle time (38%) is divided into different types of breaks. 

The statistics in figure 9 present an overview of how the drill system performs. 

With this data available, an indication can easily be given as to how the overall 

drilling capacity can be increased and which activity should be emphasized. 

Furthermore, the impact on production of automation, new development and 

organisation can be predicted with high accuracy. For example, drilling automation, 

facilitating that drilling could continue over lunch breaks, would improve 

productivity by 17%. In order to achieve the same increase in productivity by 

improving the rock drill, to drill faster, a 250% increase in penetration rate would be 

required. 
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The automatic time logging technique provides very detailed information 
about a drill rig in operation. Each source of time consumption which is 
represented by a probability distribution function can be studied individually. 

The total production rate is a combination of each activity in the drilling 
cycle. During favourable conditions each activity duration will belong to the 
lower side of each distribution in figures 3-8. However, when drilling 
conditions are unfavourable the time consumption for each activity can be 
substantially longer. In order to arrive at the probability density function for the 
entire production drilling operation, a technique is used based on a Monte Carlo 
type of simulation 4 . 

In figure 10 the probability function for the total production rate is given. 
Due to the central limit theorem 5 , the total production tends to be closer to a 
normal distribution, even though the different individual activities are log-
normal, Weibull and exponentially distributed. 

40 60 80 100 120 140 160 180 
Daily Production (metres/day) 

Fig. 10. Simulated distribution of daily productions (2 shifts). 

Figure 10 shows that the average production is around 100 m per day, but 
that it varies between 50 and 160 m per day. According to the company's initial 
demands for the drill rig, before the purchase, a production rate of 65 m per shift 
or 130 m per day must be reached as an average over two consecutive months of 
drilling. This production rate will obviously never be reached for the drilling 
operation described above. 
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From the figure it can also be concluded that the "best day of production" is 
an irrelevant parameter, without a detailed knowledge of the probability density 
function for the production. The "best day of production" can vary extensively 
from the standard deviation of the daily production without effecting the average 
production rate. 
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Discussion 

The technique and procedure for continuously evaluating the performance of 
a drill system in its production environment, as presented, serves several 
purposes. 

The evaluation of the system production rate, as shown in figures 3 to 8 and 
figure 10, gives a very detailed knowledge of every element of the drilhng cycle 
and of expected production rates, as well as the variation in daily production 
performance. 

The variation in the daily production (figure 10), could obviously be 
determined simply by monitoring daily production. However, the distribution in 
figure 10 is based on 1000 simulated day productions, and in order to gain similar 
confidence in results by monitoring real drilhng, a driUing period of several years 
would have to be evaluated. Furthermore, when modification and improvement in 
the driUing system occurs, the impact on the production rate can rapidly be re
evaluated since only the operation that has been changed has to be monitored. 

The total time consumed for the different activities presented in figure 9 is a 
vital piece of information for the evaluation of the rig, but also for evaluation of 
the production organisation in which it operates. For example, the manufacturer 
of the rig can claim that the reason for not meeting the production target lies in 
the production system rather than the rig itself. However, i f information is 
available, as in figure 9, it is easy to see that the actual driUing time (net driUing, 
rod handhng, moving and set-up) that during the period comprised 62% of the 
total time, must be extended to 81% in order to meet the production target of 130 
m/day. Anyone working in a mining environment realises that a utihzation of 81% 
is impossible to achieve. A possible solution can, instead, be automation that 
facilitates driUing during breaks and shift ends. 

The benefit of using a continuous monitoring system for evaluation and 
decisions concerning the driU rig in its production environment cannot be 
overlooked, since the results are altogether conclusive. 
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