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ABSTRACT

Drilling is widely used in many engineering applications such as mining, geotechnical and
petroleum industries. Drilling operations produce sound that can be used to estimate rock
properties and specific energy. The conventional method of determining of rock properties
and specific energy is expensive and time-consuming. In this study, a new technique was
developed to estimate rock properties and specific energy (SE) using dominant frequencies
and A-weighted equivalent sound pressure levels generated during diamond drilling
operations. First, sound pressure level was recorded while performing rock drilling
experiments on seven different types of rock samples using computer numerical control
(CNC) drilling machine BMV 45 T20 and sound signals of these sound frequencies were
analyzed using Fast Fourier transform (FFT). Using simple linear, multiple regression
analysis and artificial neural networks, mathematical equations were developed for various
rock properties, i.e. uniaxial compressive strength, Brazilian tensile strength, density,
abrasivity, impact strength index using dominant frequencies of sound pressure levels. This
study also reports the methods for prediction of SE, effect of physico-mechanical rock
properties on SE and effect of operational variables on SE using A - weighted equivalent
sound levels produced during diamond drilling operations. Initially SE was determined for all
selected rock types and a correlation was developed between SE and physico-mechanical rock
properties (PMRP) and operating variables. The developed prediction models were validated
using determination coefficients (R?), t-test, F-test and performance predictions i.e. values
account for (VAF), root mean square error (RMSE) and mean absolute percentage error
(MAPE). For SE, the R? values obtained a range from 75.58 % to 78.76 %, RMSE values
obtained a range from 0.074411 to 0.578601, VAF values obtained a range from 72.826808 to
84.155813 and MAPE values obtained a range from 0.061218 to 2.321007 for selected rock
samples and t and F values also obtained below the tabulated values (2.44). Concerning SE’s
relation to PMRP, it was observed that SE increased with increasing uniaxial compressive
strength, Brazilian tensile strength and dry density and decreased with increasing abrasivity.
For PMRP, the R? values obtained from 92.25 %, 90.99 %, 47.15 %, 93.39 %, corresponded
to uniaxial compressive strength, Brazilian tensile strength, density and abrasivity. Similarly,

regarding SE’s relation with operational variables, it was found that SE decreased with



increasing drill bit diameter, penetration rate and drill bit speed. The developed models can be

used to predict rock properties and specific energy at early stage of planning and design.

Keywords: rock properties, sound pressure level, Fast Fourier transform (FFT), sound signal,

diamond drilling, dominant frequencies, excitation frequencies, and specific energy.
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CHAPTER -1

INTRODUCTION

1.1 Background

Drilling is an integral operation in mining, quarrying, construction and petroleum
industry. It is also an essential activity in mineral exploration and blast hole design in
opencast mines. In underground mines, drilling is widely used for a variety of tasks
such as rock blasting, tunneling, and excavation. Drilling is invariably associated with
noise production. Noise/acoustic has been widely used in other domains of
engineering. However, its application in mining/geotechnical domain is limited.
According to Vardhan et al. (2009), rock properties are crucial for an effective blast
hole design and other construction projects. The lack of knowledge of rock properties
has an adverse effect on the environment, when the energy is released during blasting.
Usually, rock properties are not readily available at mining and construction sites. As
a result, it is needed to send rock samples to a national laboratory, which is a time-
consuming process. An alternative way of determining rock properties is highly
desirable. One of the possible approaches is to record noise signals while drilling and
analyse these signals for the purpose of rock characterization. The objective of this
study is to explore the possibility of using noise/sound generated during drilling to
determine physico-mechanical properties of rocks, which will be of interest and useful

to geotechnical and mining engineers.

Minerals and their related products are the principal raw materials for the basic
industry around the world. Diamond drilling plays a major role in mining and allied
industries. Exploration is very essential to recognise the mineral presence in the
bedrock and success of any mining company largely depends on the accuracy in
exploration. In most of the exploration work, diamond drilling plays a major role and
hence, every effort should be made so that the diamond drilling is efficient and cost-
effective. The specific energy (SE) is an important parameter to assess the efficiency
in rock drilling. For practical purpose, SE is a useful parameter for estimating the

energy requirement for a particular drilling operation, planning and design of



excavation projects. SE can be used to indicate drill bit condition, rock strength and
rock hardness during drilling operation. SE in rock drilling depends on operational
parameters, such as penetration rate, drill bit speed, drill bit diameter, torque, thrust
and rock properties. A very good indication as to how well drill bit performs in a
particular bit-rock combination has been given by specific energy. Any rock drilling
operation creates sound/noise as a by-product. This noise/sound could be used to

predict SE during drilling.

1.2 Origin of the Research Work

The concept of the determination of the rock properties and specific energy using
frequency analysis, A-weighted sound level during diamond drilling operations and
also developing prediction models using simple linear, multiple regression, and
artificial neural network have not been reported. Considering this research gap, the

research work was formulated.

1.3 Definition of the Problem

The rock properties and specific energy i.e., the energy required to excavate a unit
volume of rock are not available at mining and construction sites. As a result, it is
needed to send rock blocks or drill cores to a laboratory, which is time consuming. As
an alternative method to determine rock properties could be the application of sound
pressure level produced during core drilling. The thesis mainly focuses on the
prediction of physico-mechanical rock properties using sound pressure levels
generated at dominant frequencies, and the prediction of specific energy using A-

weighted sound level during drilling operations.

1.4 Objectives of the Study

The following are the objectives of the study

1. Determination of rock properties such as uniaxial compressive strength, Brazilian
tensile strength, density, abrasivity and Impact Strength Index (1.S.1). Influence of
these properties on noise levels produced during diamond drilling.

2. Determination of specific energy in diamond drilling and its influence on noise

levels produced during drilling.



3. Prediction of rock properties using frequency analysis in diamond drilling and
development of correlations between rock properties and dominant frequencies
produced during drilling using simple and multiple regression models.

4. Prediction of rock properties using frequency analysis in diamond drilling and
development of correlations between rock properties and dominant frequencies
produced during drilling using Artificial Neural Networks (ANN).

5. Comparison of the models developed based on simple, multiple regression and
ANN.

1.5 Justification

Using the developed prediction models, one can easily estimate the rock properties
and specific energy by recording the sound pressure levels during diamond drilling,
and substituting this value along with drill bit diameter, drill bit speed, and
penetration rate. This technique, which is an indirect method to predict rock properties
and specific energy can be used at early stage of design. Prediction of rock properties
using frequency analysis and prediction of specific energy (required time to remove a
unit volume of rock mass) using A- weighted equivalent sound level produced during
the diamond drilling operations has not been reported anywhere by earlier

investigators. Hence, the present research work can be taken in this direction.

1.6 Structure of the Thesis

This study focuses on the quantification of physico-mechanical rock properties and
specific energy using sound pressure levels at dominant frequencies and A-weighted
equivalent sound levels generated through diamond drilling operations. The focus is
on the development of predictive models. The developed models can be utilized for
quantification of rock properties and specific energy with an acceptable degree of
accuracy in realistic applications.

In this thesis, five chapters are presented in a logical order. Chapter 1 provides a
general introduction about rock properties and specific energy along with problem
identification, justification. It also briefly describes various topics covered by the
different chapters of this thesis. Chapter 2 presents the review of literature for

quantification of the physico-mechanical rock properties and specific energy.

3



Chapter 3 describes the equipment used in the investigation, methodology of the

present study, experimental set-up/procedure.

Chapter 4 describes the prediction of rock properties using sound levels at dominant
frequencies. The prediction models were developed by simple linear, multiple
regression analysis, and artificial neural networks. This chapter presents specific
energy prediction equations developed using multiple linear regression analysis, then
correlations of this specific energy with rock properties and operating variables.
Hence, the conclusions and the recommendations of further research work are

discussed in Chapter 5.



CHAPTER -2

LITERATURE REVIEW

2.1 Applications of Acoustic Emission in Geotechnical Engineering and Rock

Drilling

Initially, the acoustic applications were implemented by Obert (1941). Obert (1941),
Obert and Duvall (1942) utilised acoustic frequencies for estimating rock burst in
metal mines. It was found that different stress states in rock produces various acoustic
noises. The authors used sub-audible noises for predicting the rock burst in

underground metal mines.

Hardy (1972) conducted an inclusive review of acoustic emissions in the area of rock
mechanics. The authors conducted acoustic emission experiments related to mine
design and the alleviation of rock burst in North America in the 1930s. It was
concluded that the acoustic emission technique provides the behaviour of geologic

rock materials’ deformation and failure.

Rafavich et al. (1984) conducted a detailed laboratory investigation on the
characteristics of carbonate rock and acoustic properties with a vast range of
lithology. The rock composition indicates that porosity is the most influencing factor
for P-wave and S-wave velocity. The results are based on the property of rocks used
for evaluation of lithology and porosity changes for seismic section from Williston
basin (the USA and Canada).

McNally (1990) studied the quantification of coal strength and elastic moduli in
Queensland using sonic log techniques. The author developed mathematical

relationships between geotechnical parameters and sonic log interval transit times.

Zborovjan (2001), Zborovjan (2002), Zborovjan et al. (2003) investigated the
identification of rock types based on the hidden Markov model for rock drilling
operations. This model recognized the particular acoustic signature of every rock type

being drilled. It was said that the maximum information contained appropriate signal



transfer, and the rock drilling acoustic signature could be found between 5000 hertz to
8000 hertz.

Miklusova et al. (2006) and Krepelka et al. (2007) investigated the rock strength
characteristics and the feasibility of utilisation of optimum control parameters, such as
thrust and speed, during drilling operations. It was discovered that the change in the
audio signal depends on the drilling regime and the audio signal can be used for the

control of rock disintegration process.

Gradl et al. (2007) carried out the drill bit diagnosis using noise of a bit during drilling
operations based on the acoustic data. It was revealed that the bit physical
characteristics and bit diagnosis (broken teeth and bit balling) can be performed using

the noise of a bit in real time projects based on the acoustic data.

Later, Vardhan and Murthy (2007) and Vardhan et al. (2009) introduced a novel
concept of quantification of physico-mechanical rock properties by utilising sound
levels generated through drilling operations. Various types of rock samples were used
to find the rock properties using a fabricated jackhammer drilling machine. It was
concluded that this technique is effective for the quantification of rock properties.

Kumar et al. (2011a, 2011b, 2011lc, 2013a, 2013b) investigated in detail the
quantification of rock properties (sedimentary, metamorphic and igneous) using sound
levels produced in rock drilling operations. A set of mathematical equations were
formulated for predicting the various rock properties with an admissible degree of

accuracy.

Shreedharan et al. (2014) probed on the identification of rock type based on acoustic

fingerprinting.

Karakus and Perez (2014) conducted laboratory experiments using impregnated
diamond core drilling operations. The authors developed linear relationships between
the acoustic emission signals and diamond drill bit wear. It was concluded that the
developed linear relationships could predict the depth of the cut, weight on the drill
bit, wear of the drill bit, and torque on the drill bit, using the time domain of the

acoustical signal.



Kivade et al. (2015) used radial basis function & multilayer perception, two neural
network methods, for predicting the geo-mechanical properties of various rocks using

noise levels produced in percussive drilling operations.

Delibalta et al. (2015) quantified the physico-mechanical rock properties using noise
level. Laboratory experiments were conducted using an automatic rock cutting
machine with 54 types of rock samples. It was concluded that increasing the density

increases the sound level and increasing porosity decreases the sound level.

Rostami et al. (2015), Qin et al. (2018), Xiao et al. (2018), and Flegner et al. (2019)
investigated lithological rock recognition, based on the vibro-acoustic signal approach
during rock drilling operations. The authors captured vibro-acoustic signals using
vibration sensors and spectral wideband acoustic sensors. These captured signals were
analysed in terms of time domain and time-frequency domain for analysing the rock
characteristics. It was concluded that the spectral wideband acoustic sensors were

providing better signals to the noise ratio than vibration sensors.

Zhang et al. (2018a) introduced a new index for evaluating coal brittleness from
fracture networks, using thee hydraulic fracturing process. The acoustical signals were
captured during uniaxial compression and triaxial compression tests; these captured
signals were correlated with coal brittleness. It was concluded that acoustical signals
showed sudden changes when reaching the vyield stress and peak strength,
representing high brittleness.

Zhang et al. (2018b) reported that the acoustic emission technique was employed to
detect the initiation and evolution of micro cracks of rocks during the laboratory

investigations.

Li et al. (2018), Jai et al. (2018), and Feng et al. (2019) conducted a laboratory
investigation on hydraulic fracturing, using layered shale rock samples using the
acoustic emission technique. The result concluded that the characteristics of the
injection pressure curve and acoustic emission response detected the hydraulic

behaviour growth in layered shale.



Hu et al. (2019) conducted a laboratory experiment on the rock burst process of bore
holes using the acoustic emission technique. It was concluded that sharp and high
amplitude acoustical signals could be used for the quantification of the rock burst,
while micro cracks and splitting dominated the failure process.

He et al. (2019) investigated rock burst disasters in thick coal seams and steeply
inclined coal seams. The authors used micro seismic and acoustic emission techniques

as an early warning before the rock burst occurred during mining.

Sheng et al. (2019) carried out a detailed study on water jet rock drilling efficiency in
relation to acoustic emission. The authors correlated rock drilling efficiency to
acoustical signals during drilling operations. It was concluded that the high frequency

band reported a good correlation with the rate of penetration.
2.2 Prediction of Specific Energy

The concept of SE in rotary drilling for the first time was introduced by Teale (1965).
He suggested that the work done per unit volume of broken rock relates the process to
the physico-mechanical properties of rock, such as compressive strength of rock and
density. Any rock drilling operation creates sound/noise as a by-product. This
noise/sound could be used to predict SE during drilling. It may also be useful for
determining the physico-mechanical properties of rocks during drilling, which will be

of interest to geotechnical and mining engineers.

Some studies are reported on the determination of SE from rock cutting/drilling
operation. SE has been successfully used in the diamond tool industry for optimising
drilling and cutting parameters (Ersoy 2003, Ersoy and Atici 2004, 2007, 2009, Miller
and Ball 1990, Seimer-Oisen and Blindheim 1970, Becker et al. 1984). Several
researchers have indicated how well drill bit performs in a particular bit-rock
combination on SE in rock drilling A very good indication as to has been given by
studies done by (Chiang and Stamm 1998; Luis et al. 2004; Balci et al. 2004; Curry et
al. 2005; Dupriest and Koederitz, 2005; Tiryaki and Dikmen 2006; Banks 2013; Luo
etal. 2014).



Evans (1962, 1984) established a theoretical connection between conical bit-type

cutters and the cutting force for wedge picks, which were directly associated to SE.

Fowell and McFeat-Smith (1976) conducted laboratory investigational studies to
correlate SE obtained by small-scale cutting tests to a few mechanical and index
properties of rocks, such as compressive strength, Schmidt hammer rebound value,

cone indenter index, cementation coefficient.

Goktan (1991) developed the relationship between SE obtained from micro-scale
laboratory rock-cutting tests. It was concluded that a reasonable relationship cannot be
found between the brittleness index and SE.

Pessier and Fear (1992) developed a new mathematical equation for the penetration
rate based on the SE equation derived by Teale. They altered Teale’s SE model by
replacing an equation they derived; the new equation conveyed torque as a function of
weight on the bit, bit diameter and bit-specific coefficient of sliding friction. The
authors showed that under atmospheric drilling conditions, mean SE is nearly equal to

the uniaxial compressive strength (UCS) of the rock being drilled.

Redddish and Yasar (1996) investigated the rock strength index test based on SE of
drilling. It was concluded that the rock strength index was more reliable than other

index tests and the test results can be applied practically in the field.

Chiang and Stamm (1998) developed a method to estimate the instantaneous specific
rock energy using corrected down-the-hole (DTH) drill monitoring data. Accordingly,
the authors were able to generate a specific rock energy profile for every hole drilled

and thus map an entire drilling site for this index.

Copur et al. (2001) conducted laboratory experiments on rock cutting operations with
a conical cutter. In this study, eleven rock types and ores were selected for the
determination of optimum SE during rock cutting operations. It was concluded that
the developed prediction equations can be used to estimate the cut ability, optimum

SE and production rate.

Waughman et al. (2002) established a real-time monitoring of SE data in combination

with sonic data and drilling data, which benefits in taking a decision, when to pull the



bit out of the hole. They outlined a guide on the application of SE monitoring
technique to the field. The concept was proved to work in water based mud treated

with anti-balling chemicals and synthetic based mud systems.

Altindag (2003) correlated SE with rock brittleness in rock cutting. The relationship
between the brittleness of rock and rock cutting efficiency was established using
regression analysis. The high brittleness value (the ratio between compressive
strength and tensile strength) indicates that the high SE is required for efficient rock

cutting.

Luis et al. (2004) investigated specific rock energy (SRE) using DTH drill monitoring
data. They characterised the rock at a given drilling site and helpful in identifying the
different rock formations. It was said that there were two important correlations
between DTH hammer operational variables. The first correlation was observed
between the frequency and penetration rate; with increasing penetration rate, the
frequency dropped. The second correlation was observed between penetration and
torque; as the torque increased, the penetration increased. It was concluded that the
rock drilling impact hammer performance improved then by reducing the operational

Costs.

Balci et al. (2004) established statistical relations between optimum SE and rock
properties. The statistical analysis indicated that the optimum SE achieved in the
laboratory from the full-scale rock cutting tests can be predicted reliably from UCS,
Brazilian tensile strength (BTS), static and dynamic elastic moduli and Schmidt
rebound values of the rocks. Finally, the strongest relations were established by using
UCS and BTS.

Curry et al. (2005) introduced a technique to characterise the difficulty of drilling a
specific formation in its down-hole pressure environment, using the concept of SE.
The authors developed an algorithm to evaluate the technical limit of SE from wire-
line sonic, lithology and pressure data. It was concluded that the technical limit of SE
denotes the lowest SE that can be reasonably expected for a particular combination of

rock properties and air pressures.

10



Dupriest and Koederitz (2005) conducted laboratory experiments to estimate the
drilling efficiency of drill bits using mechanical specific energy (MSE). It was
concluded that MSE can identify the efficiency of the drilling system, optimum

operating parameters, cost justify changes and bit selection during real-time projects.

Tiryaki and Dikmen (2006) examined the effects of textural and mineralogical
properties of sand stones on SE, along with physico—mechanical properties. The
relationship between SE and compositional, textural and engineering properties of
sandstones were evaluated through bivariate correlation and linear regression analysis
using SPSS 11 Software package. Finally, Poisson’s ratio revealed the best correlation

to SE and more reliable SE prediction tool in sandstone.

Erosoy and Atici (2007) reported a study on ultrasonic technology technique in
volcanic and carbonate rock cutting to measure P-S wave velocities. Cutting SE was
defined as the energy required for excavating a unit volume of rock. It was a useful
parameter in crushing, drilling, cutting, excavation and breaking. The effect of cutting
SE and rock properties on P and S wave velocities were evaluated with simple linear
regression analysis. It was concluded that this seismic technology can be widely used
in the field and laboratory.

Acaroglu et al. (2008) established a fuzzy logic model to estimate SE from tunnel
boring machine (TBM). A model was proven to predict the SE requirement of
constant cross-section disc cutters in rock cutting operations. It was found that the
model predicts SE value as output parameter for given disc cutter, rock and cutting
parameters. The model values exhibited that the fuzzy logic values are close to the

experimental values.

Atici and Ersoy (2009) developed a statistical relation among brittleness, destruction
SE and both cuttability and drillability using the optimum data obtained from the
experimental work. The optimum data for the bits and saw blades were extracted for
each series of drilling and cutting results and were analysed based on maximum
penetration and cutting rates. The results based on regression analysis indicated a
strong exponential, linear and logarithmic relations between cutting SE of circular

diamond saw blades and brittleness.
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Aydin and Aydiner (2012) conducted laboratory investigations on the sawing of
granites by circular diamond saw blades, depending on operational variables. The
authors developed mathematical models for estimation of SE in the sawing process.
The developed models were validated through statistical tests, such as t and F tests.

Neves et al. (2012) investigated the geomechanical behaviour in rock cutting with
diamond saw blades. The energy of elastic and plastic deformation was determined by
uniaxial compression tests and the energy consumed per unit volume in the cutting
process. Finally, the correlation between overall cutting SE and deformation specific

energy was analysed.

Engine et al. (2013) studied the efficiency of abrasive water jet cutting (AWJC) and
circular sawing (CS). The relationship between SE values and rock properties was as
discussed. It was concluded that shore hardness and abrasive resistance were found to
be strongly related to SE.

Yurdakul and Akdas (2012) conducted laboratory experiments for quantification of
the cutting SE using operational parameters. The authors used seven types of cutters
for six varied carbonate rocks. The developed prediction models was recommended

to predict SE in the petroleum and mining industry.

Banks (2013) investigated minimising mechanical SE while drilling, using extreme
seeking control; minimising mechanical SE requires continual monitoring as the drill
bit wears. Extreme control was used by putting in a perturbation in the penetration per
revolution to estimate the total local gradient of the mechanical SE. It was concluded
that this control method is stable and hence can be used in bench marking different
drill bits.

Luo et al. (2014) investigated the reduction of drilling noise from roof bolting
operations through proper control of drilling operation. Lower SE and higher SE were
achieved at proper selection of high bit depth according to drill bit and strength of the
rock. It was concluded that by reducing wasted energy and improving the efficiency,

the heat, noise, fire dust and bit wear were reduced.
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Shewalla et al. (2015) conducted a detailed study on rock cutting operation to measure
the required load to fail the rock under confining stress. Their results show a non-

linear relation of SE with bore hole pressure.

Recent studies attempted to predict of rock properties using sound level produced
during drilling operations (Vardhan and Murthy 2007; Vardhan et al. 2009; Kumar et
al. 2011a, 2011b, 2011c, 2013a, 2013b, 2019a, 2019b; Kivade et al. 2012a, 2012b,
2013, 2015; Delibalta et al. 2014, 2015; Shreedharan et al. 2014; Forouharmajd et al.
2015; Brown 1981; Mellor and Hawkes 1971; Ulusay and Hudson 2007; Kahraman
2013; Kalyan 2016; Masood 2015; Macias 2017). These studies used sound pressure
level and frequency of sound signals to develop empirical equations for prediction of

rock properties.

Based on the findings of the above studies, SE is a very important parameter in
planning and designing of excavation projects, mining and petroleum industry and
depends on rock properties. However, most of the previous investigators determined
SE using conventional methods, but the prediction of SE using A-weighted equivalent
sound pressure level from diamond core drilling operations has not been studied in
detail. Hence, the present investigation was taken up for prediction of SE using A-

weighted equivalent sound pressure level during diamond core drilling operations.
2.3 Regression Techniques for Prediction of Rock Properties

Regression analysis is a powerful tool to derive relationship between the several

dependent and independent variables.

Sachapazis (1990) conducted a laboratory experiment to quantify the deformation of
the carbonate rock samples. The emprirical equations were developed for the physico-
mechanical properties of carbonate rocks such as UCS, tangent Young’s modulus,
Schmidt hammer rebound hardness using multiple regression analysis. It was
concluded that the regression coefficient (R?) value higher corresponding the rock

properties.

Kim and Gao (1995) studied variations of rock mass mechanical properties and

deformation module of rock mass using borehole jacking tests. The authors have
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proposed “Monte Carlo” method to estimate the probability distributions of
deformation modules, and compressive strength of rock mass. They concluded that
the simulation results demonstrations reasonable representation of the probability
distribution of the rock mass characteristics.

Katz et al. (2000) developed empirical correlations between Schmidt hammer rebound
hardness density, UCS, and Young’s modulus. The developed estimation equations
can be used in the field and laboratory with following limitations such as (i) tested
rock is well-cemented and apparently elastic (ii) rocks crack under the impacts not
properly tested (iii) Hammer measurements should be accompanied on smooth
surfaces (iv) loose blocks can be measured if the intact part of the block weighs a few

tens of kilograms or more. Yasar and

Erdogan (2004) conducted laboratory experiments for quantification of rock
properties using hardness methods. In this investigation found that rock properties can
be quantified using shore hardness, Schmidt hammer compared with the calculated
value from various statistical equations. It was concluded that this method can be used

for estimation of UCS, and unit value of weight.

Faisal et al. (2007) performed a simple linear regression analysis between various
types of hardness and intact rock properties. The obtained results show very strong
correlations of regression coefficient value compared with similar investigations. It

was concluded that Poisson’s ratio decreased with an increase in rock strength.

Kilic and Teymen (2008) determined physico-mechanical properties using non-
destructive and indirect methods. For laboratory tests, nineteen different rock
samples were collected from diffident locations. The mathematical equations were
developed in the relation of UCS, point load index, sound velocity, Schmidt hardness,
abrasion resistance, and indirect tensile strength. It was concluded that the UCS, wear
resistance, and indirect tensile strength can be estimated by using nondestructive

methods.

Mahdiabadi and Khanlari (2019) developed correlations between UCS and modulus
of elasticity. For this study, eighty calcareous mudstones core samples were used to
develop prediction equations using multiple regression analysis, ANN, and adaptive
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neuro-fuzzy inference system. The developed models were validated using MPE,
RMSE, and VAF. The results show that the fuzzy interface system was a powerful
tool to estimate the modulus of elasticity and UCS compared with other statistical

analysis tools.

Kahraman et al. (2019) determined mean particle size in the relations of rock
properties and mineralogical percentage. In this study, six granite samples were tested
in the laboratory. The prediction equations were developed in the relation of rock
properties results and mineralogical percentage to mean particle size. The results
show that the multiple regression equation was given the highest coefficient
correlation value than simple linear regression analysis. The multiple regression
techniques can be used for prediction of practical size at the preliminary estimation of

the project cost.
2.4 Artificial Neural Network Techniques for Prediction of Rock Properties

Estimating the rock properties using an approximate calculation (soft computing) is
an alternative tool for researchers. Artificial Neural Network Techniques (ANN) are
better than statistical analysis because empirical relationships derived from regression
analysis, estimates only the mean value; as a result, low experimental values are
overvalued, high experimental values are miscalculated. The ANN does not force the
predicted value to be a mean value, thus, accurately maintaining the existing
difference between the measured data.

ANN also investigates the self-organised interactions between variables. Many
researchers reported on the modelling of the rock properties and its behaviour using
neural networks (Ghabousi et al. 1991; Haykin et al. 1998; Singh et al. 2001; Singh et
al. 2003; Bhatnagar and Khandelwal 2012; Salimia et al. 2015; Momeni et al. 2015;
Tripathy et al. 2015; Madhubabu et al. 2016; Abdi et al. 2018; Rastegarnia et al.
2018). ANN has the ability to significantly generate the suitable output from difficult
or inexact information (data). It can detect the exact patterns from complex data

which are neither predictable by the human brain nor by statistical analysis.

Rumelhart et al. (1986) proved that the ANN model was perfect for classifying
complex information for the demands of a new situation (Simpson, 1990). Another
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advantage of ANN includes self-organisation, adaptive learning based on real time
operations, self-organises redundant information coding and fault tolerance. Various
networks can be retained even when the main network is impaired (Yilmaz & Sendir
2002; Yilmaz & Yuksek 2008; Yilmaz 2010; Yilmaz & Kaynar 2011).

Meulenkamp et al. (1999) examined the possibility of estimating unconfined
compressive strength using ANN for the toughness of rocks with Equotip hardness

tester based on rock toughness, dry density, and sizes of the grains.

Singh et al. (2001) established the necessary models to predict the physico-
mechanical behaviour of the rock mass. Statistical analysis (ANN) was performed to
estimate the rock properties i.e., uniaxial compressive strength, point load strength
index, and Brazilian tensile strength based on the texture and composition of the rock
mass. Several researchers have also established ANN predictive models to evaluate
the physico-mechanical properties of rock mass such as static modulus of elasticity
(E), uniaxial compressive strength, density, shore scleroscope test hardness, shear
strength, slack durability and point load strength index many other complex properties
of rock mass (Sarkar et al. 2010; Dehghan 2010; Zorlu et al. 2008; Sonmez et al.
2006; Tiryaki 2008a; Tiryaki 2008b; Tiryaki et al. 2011; Ocak & Seker 2012).

Yilmaz & Kaynar (2011) developed prediction equations for rock mass from soft
computing methods. The neuro-fuzzy and ANN techniques were used to predict the
swell percentage of the soil. It was concluded that these soft computing techniques are

useful for reducing the uncertainties in the geotechnical applications.

However, some of studies reported the utility of the perceptible noises to estimate of
the rock bursts in the metal mines and derived relationships between the
geomechanical rock materials and acoustic emission for prediction of rock the rock
properties (Obert 1941; Obert and Duvall 1942; Rafavich et al. 1984; Hardy 1972;
McNally 1990; Milklusova et al. 2006; Krepelka and Futo 2007; Gradl et al. 2007;
Zborovjan 2001; Zborovjan 2002; Zborovjan et al. 2003; Flegner et al. 2014; Flegner
etal. 2019; Liu et al. 2019).

Vardan and Murthy (2007) conducted a laboratory experiment to predict rock

properties with equivalent noise levels generated by jackhammer percussive drilling.
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After many researchers developed mathematical models for prediction of rock mass
properties (Vardhan and Murthy 2007; Vardhan et al. 2007; Kumar et al. 2011a;
Kumar et al. 2011b; Kumar et al. 2013a; Kumar et al. 2013b; Kumar et al. 2011c;
Kivade et al. 2015; Shreedharan et al. 2014; Masood 2015; Delibalta et al. 2015;
Kahraman et al. 2013; Alvarez et al. 1999; Finol et al. 2001; Gokceoglu 2002; Hu et
al. 2019; Hassanpour et al. 2011; Teymen 2019; Krapa et al. 2018; Omar et al. 2018;
Aldeeky and Hattamleh 2018; Cao et al. 2010; Liao et al. 2018).

The literature suggests that the ANN modelling approach is more advanced than the
conventional statistical techniques (ex: regression). The use of neural networks
reduces the potential inconsistency of correlations. However, predictions of rock
properties using ANN have not been used in the rock mechanics using dominant

frequencies of acoustics.

Most of the previous investigators utilised an equivalent sound level for predicting
physico-mechanical rock properties while some of them used frequency analysis for
rock identification/rock type. The audio signal processing from rock drilling
operations has not been investigated in detail, although it was suggested to carry out
work in this direction, as Kumar et al. (2011b). Hence, the objective of this
investigation was to predict the physico-mechanical rock properties using dominant
frequencies from rock drilling operations using frequency analysis with the help of

audio signals.
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CHAPTER -3

METHODOLOGY

3.1 Equipment Used

3.1.1 CNC drilling machine

Figure 3.1: BMV 45 T20 CNC drilling machine
A BMV 45 T20 CNC machine, which is highly automated (Fig.3.1) was used for all
rock drilling experiments. The CNC machine had 450 mm x 900 mm table size, 6 bar
optimum air pressure and was connected to a 415 V, 3 Phase and 50 Hertz power
supply. The experiment chamber was covered completely with glass and fiber panels
with dimensions of 6 m length, 5 m width and 9 m height.

3.1.2 Data acquisition system

Figure 3.2: Data acquisition system

The data acquisition system measures the sound pressure using a computer interface.

It consists of a computer, a microphone and a data acquisition card hardware along
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with a Labview software. It is an effective measuring instrument compared to the
traditional measurement systems (Forouharmajd et al. 2015). The Labview software is
a flexible software for the analysis of any measurement system. The microphone
G.R.A.S. Type 40 PH and the data acquisition cards NIUSB — 9234 (from national
instruments) as shown in Fig. 3.2 were used for measuring the sound pressure level in
the diamond drilling operations. The microphone was highly sensitive for recording
accurate sound pressure levels (audio signals) from the diamond drilling operations.
The specifications of G.R.A.S. type 40 PH microphone and data acquisition card
hardware NIUSB-9234. Are as follows:

The microphone specifications:

Frequency range = 10 Hz to 20 KHz

Dynamic range = 32 dB (A)-135 dB

Sensitivity = 50 mv/pa
The data acquisition card NIUSB-9234 specifications:

No. of channel = 4 analogue input channels
ADC resolution = 24 bits
Type of ADC = delta-sigma (with analogue prefiltering)

3.1.3 Noise dosimeter

Figure 3.3: Noise dosimeter (Spark 705+)
The spark 705+ (Larson Davis, USA) RC personal noise dosimeter (Fig. 3.3) is one of

the popular noise exposure measurement instruments.It has advanced features with an
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ergonomic design. It consists of high visibility of graphical LCD display, which
delivers back lighting, allowing high visibility in any environment. The instrument
provides options in English for fast and easy setup and simple control during noise
measurement. For multiple simultaneous dose calculations, ceiling and peak level
displays and continuous data logging, the 705 RC computes compliance results for
any standard — present or proposed — and with quick download using Blaze software.
The instrument gives the noise dose brief reports and colour graphs for analysis.
These reports can be downloaded directly from personal computer, using the Blaze

software.

3.1.4 Sound level calibrator

Larson Davis
CAL150

Figure 3.4: Sound calibrator (CAL-150)

The sound level calibrator (Larson Davis - CAL150) was used for microphone
calibration purpose. It provides an output level range of 94.0 dB to 114.0 dB, with a
switch selectable at a frequency range of 1 kHz. The sound level calibrator (Fig.3.4) is
designed for laboratory and field use; its accuracy has been calibrated to a reference
traceable to the National Institute of Standards and Technology.

Specifications of the calibrator CAL 150:

e Sound level calibrator CAL 150: Class 2 type

e User selectable dual output levels: 94.0 dB and 114.0 dB

e Output frequency range: 1 kHz

¢ Internal batteries for portable operation opening for use with 1/2 microphones
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3.1.5 Compression testing machine

Figure 3.5: HEICO, Compression testing machine

Uniaxial compressive strength (UCS) is the mechanical property of rocks. The
compression-testing machine (Fig.3.5) was used to measure UCS of the prepared
cylindrical core rock specimens as per the ISRM’s suggested methods (Brown 1981).

The maximum loading capacity of the compression-testing machine was 2,000 kN.

3.1.6 Brazilian tensile strength testing machine

Figure 3.6: Brazilian Tensile Strength Testing Machine

The tensile strength of the prepared rock specimens was determined indirectly by the
Brazilian tensile strength testing machine as per the ISRM’s suggested methods
(Brown 1981 and Mellor and Hawkes 1971). The Brazilian tensile testing machine,
as shown in Fig.3.6, has upper and lower jaws along with a guide pin. A hydraulic
jack (100 kN) is fixed in the middle of the jaws between the guide pin. This hydraulic

jack consists of an oil reservoir, an integral pumping unit and an operating handle. On
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the top of the machine, the pressure gauge (100 kN) is fixed to the jack for displaying

the load on the specimen.

3.1.7 Los Angeles abrasive testing machine

Figure 3.7: Los Angeles abrasive machine

The abrasion of the rock samples was determined as per ISRM suggested methods
using Los Angeles abrasion testing machine (Fig.3.7). It has a hollow cylinder with
both ends closed. The inside length and diameter of the cylinder is 508+5mm and
711+5mm. The cast iron spheres are used for abrasion charge weighing between 390

and 445 grams.

3.1.8 Dynamometer

Figure 3.8: Drill tool dynamometer, Model-601C

An IEICOS cutting tool dynamometer (model 601C-sensor type) was used to measure
thrust and torque, during the drilling operation. The important specification of
dynamometer is: Thrust is 5000 N, Torque is 200 Nm. The cutting tool dynamometer
calibration chart as shown in Table 3.1. The dynamometer was fixed directly on the
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drilling machine table using the slots provided. On the top of this dynamometer, the
vice was fixed directly with the help of two long nuts and bolts as shown in Fig.3.8.
The cutting tool dynamometer measured simultaneously two forces in mutually
perpendicular directions: vertical thrust and rotating torque. The direction of
force/thrust measurement was vertically downwards and torque was in a clockwise
rotation direction.

Table 3.1: Calibrations chart of cutting tool dynamometer

Applied Load (kg) Thrust (N) Applied load (kg) | Torque (N-m)

0 0 0 0
50 494 0.5 5
100 1052 1 10
150 1534 15 15
200 2040 2 20
250 2515 2.5 25
300 2990 3 30
350 3480 35 35
400 3996 4 40
450 4426 4.5 45
500 4996 5 50

3.1.9 Impact strength index testing machine

Figure 3.9: Impact strength index testing equipment

The impact strength index equipment consists of vertical steel cylinder of 44.5 mm

internal diameter closed at upper end by a screw cap and fixed permanently at the
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bottom. A steel plunger of 1.8 kg in mass and 4.3 cm diameter at the bottom fits
loosely inside the hallow cylinder. A steel cap is provided through which a plunger
handle moves to prevent the dust escaping from the steel cylinder. The steel cap

prevents hammer from coming out of the cylinder.

3.2 Experimental Procedure

3.2.1 Rock samples used in the investigation

The experiments were conducted using prepared cubical shaped rock blocks of 20 cm
length x 20 cm width x 20 cm height (Kumar et al. 2011). A total of five different
cubical-shaped rock blocks were used in these experiments. These blocks were
collected from different construction sites in Andhra Pradesh and Karnataka. Table
3.2 gives the location and rock block types collected. The collected cubical-shaped
rock blocks were inspected for any macroscopic (visible) defects, fractures and joints
before conducting the experiment.

Table 3.2: Location and types of collected rock block

Sl.no Location Rock type

1 Veldurthy (Village) / Kurnool (District) Ochre
Andhra Pradesh state, India
2 Khammam (Village) /Kothagudem (District) | Bituminous coal
Telangana State, India
3 Padubidri (Village) /Udupi (District) Laterite
Karnataka state, India
4 Bethamcherla (Village) / Kurnool (District) Pink limestone
Andhra Pradesh state, India
5 Bethamcherla (Village) / Kurnool (District) Black limestone
Andhra Pradesh state, India

6 Bethamcherla (Village) / Kurnool (District) Hematite
Andhra Pradesh state, India
7 Bethamcherla (Village) / Kurnool (District) Dolomite

Andhra Pradesh state, India
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3.3 Determination of Physico-Mechanical Properties of Rocks
The rock properties were determined as per ISRM suggested methods, as listed in
Table 3.3.

Table 3.3: Rock properties

S. | Name of rock Rock properties
No | sample
UCS BTS Density | Abrasivity Impact Strength
(MPa) | (MPa) | (g/cm®) (%) Index (%)
1 | Ochre 14.77 1.02 2.38 70.84 50.00
2 | Bituminous coal 16.37 1.09 1.75 57.25 59.90
3 | Laterite 39.99 1.87 2.93 50.66 61.98
4 | Pink limestone 51.49 2.32 2.49 23.52 70.00
5 | Black limestone 53.01 2.66 2.62 18.29 68.00
6 | Hematite 120.25 7.54 3.60 16.29 70.50
7 | Dolomite 127.74 7.62 3.01 10.98 74.50

3.3.1 Determination of uniaxial compressive strength

The capacity of a rock to sustain the compressive load is known as the compressive
strength of the rock. The uniaxial compressive strength (UCS) of rock specimen was
determined as per the ISRM’s suggested methods (Brown 1981). For this, NX size
oven-dried cylindrical core specimens of 54 mm in diameter and a ratio of 2.5: 1
length to diameter were prepared in the laboratory. The load was continuously applied
until the failure occurred on the prepared rock core specimens, and the corresponding
total applied load (KN) on the specimen was recorded. The uniaxial compressive
strength was calculated by the maximum load applied on the specimen, until failure
divided the cross-sectional area of the specimen. Five tests were carried out on each
type of rock core specimen and the mean value of the uniaxial compressive strength

of different rocks was considered for the analysis.
3.3.2 Determination of Brazilian tensile strength

The capacity of a rock to withstand the load that pulls apart is known as its tensile
strength. Rock core specimens of 54 mm diameter (NX-size) and thickness
approximately equal to specimen radius were prepared as per the ISRM’s suggested

methods (Brown 1981 and Mellor and Hawkes 1971). The cylindrical surfaces were
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prepared to avoid irregularities around the thickness of the specimen using a polishing
machine in laboratory, and the end faces were made flat within 0.25 mm and parallel
to within 0.25°. The specimen was loaded onto the Brazilian tensile strength testing
machine across its diameter. The load was applied continuously until the specimen
failed, and the maximum load at failure (kN) was recorded. Ten tests were carried on
each type of rock core specimen and the mean value of tensile strength was
determined. The Brazilian tensile strength data was obtained by the following

equation:

Brazilian tensile strength (o¢) = 0.636 P/D t (MPa) (3.1)
Where, P = the load at failure (N)
D = the diameter of the test specimen (mm)

t= the thickness of the test specimen measured at the centre (mm)

3.3.3 Determination of density

Density is a measure of mass per unit volume and is represented by ‘p’. The Sl unit of
density is kg/m® and it is frequently expressed in g/cm®. The density of rocks often
varies due to their porosity. The density of every rock core specimen was determined
after the removal of moisture from it (Ulusay and Hudson 2007). The dry density data

were obtained by the following equation:
Density of rock (p) = Mass of the specimen/Volume of the specimen (kg/m®)  (3.2)
Where, M = mass of the specimen (kg)
V = Volume of the specimen (m°)
3.3.4 Determination of abrasivity

Los Angeles abrasion defined as the resistance to wear abrasion of rock aggregates.
Initially, various types of rock aggregates were prepared as per ISRM standards (i.e.,
sieve passing through 25.4 mm hole size, retained on 19.0 mm hole size). The rock
aggregates with 1250+25 g were placed in the Los Angeles abrasion testing machine
and tightly locked. The cylindrical drum was permitted to rotate at 500 revolutions at

a constant speed of 30-33 rpm. After discharge, the material was sieved on 1.7 mm
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sieve. The rock aggregates coarser than 1.7 mm was washed substantially weighted to

nearest gram to determine of Los Angeles abrasion percentage wear.

Original weight—Final weight

Wear (%) = *100 % (3.3)

Original weigth
3.3.5 Determination of impact strength index

Impact strength index (ISI) is an important property of a rock mass and it is used
widely in geotechnical engineering. Initially, the rock samples collected from mines
and sieved through 2.54 cm. The oversized material was broken to obtain maximum
yield of fragments under 2.54 cm. The 0.95-0.32 cm fractions were then removed
from broken material by hand sieving. A sample of 100 g was carefully weighted
using weighing machine. The 100 g sample was poured into hallow cylinder, which
was placed a level of floor. Keeping the cylinder study by feet, the plunger was raised
to the fully extent and allowed to drop it freely 20 times. Finally the cap of plunger
was removed and the sample was sieved through a 300 micron size sieve. The impact
strength index was obtained by calculating the ratio of final weight to the initial

weight.

Weight of the sample retained through 300 pum sieve after experiment

ISI (%) =

* 100 9 3.4
Weight of the sample taken,100 g % ( )
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3.4 Experimental Set-Up

Spark 705+ Noise

Dosimeter & IR
Interface Module

Figure 3.10: Experimental set-up of BMVK 45 T20 CNC drilling machine

Fig.3.10 shows the experimental set-up for carrying out drilling using the CNC
machine on rock blocks and sound pressure level measurement. Fig.3.10 also shows a
dynamometer and a dynamometer digital indicator, a noise dosimeter with a
microphone and a dosimeter PC that were used for the purpose of determination of
specific energy and A-Weighted sound levels. The rock blocks were held at a
particular position firmly during drilling using a vice and two long nuts and bolts. In
this investigation, drill bits of diameters 6, 10, 16, 18 and 20 mm (industrial diamond
core drill bit) at speeds of 150, 200, 250, 300 and 350 rpm and penetration rates of 2,
3, 4, 5and 6 mm/min were used for all the rock drilling operations. The CNC machine

was set to drill 30 mm drill hole length throughout the experiments.

The microphone of the data acquisition system (DAQ-NIUSB-9234) was held at a
distance of 1.5 cm from the drill bit with the help of a magnetic holder. The DAQ
microphone was connected to DAQ-NIUSB-9234 with 1-channel cable, which was in
turn connected to a personal computer with windows operating system (64-bit) using
the USB cable. The data recorded using the data acquisition system can be visually

seen on the data acquisition personal computer (DAQ-PC).
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3.5 Sound Pressure Level Measurement

The sound pressure level was measured for all bit-rock combinations using the DAQ
microphone by means of the Labview software. For all sound pressure level
measurements, the microphone was set aside at a distance of 1.5 cm from the outer
edge of the drill bit diameter, as shown in Fig.3.10. The audio signals during drilling
was recorded by the microphone to the computer using the DAQ NIUSB-9234 (data
acquisition module from national instrumentation) 24-bit ADC (Analog to digital
converter), which allowed capturing 51,200 samples within one second. The
resolution of the response was maintained at 1Hz by reading all the samples, which
were obtained in one second. This module was connected to the system, and the data
was obtained using serial communication. Fast Fourier transformation (FFT) was used
to obtain the dominant frequencies with their amplitude of sound pressure level.
Graphical programming language software (NI Labview) was used for signal analysis
to capture accurate signals from the diamond core drilling operations. The audio
signals during drilling were measured up to a drilling depth of 30 mm (required time
to drill 30 mm depth hole is around 300 seconds). The sound pressure level data (dB)

was obtained by the following equation:

The sound pressure level (SPL) = 20 log1o (Pr.m.s/Prer) (dB) (3.5
Where, Prms = the Sound pressure measured in root mean square (r.m.s)

Pref = reference sound pressure (2x10° N m™ or 20 pPa)

3.6 Determination of the Dominant Frequencies of audio signals from rock
drilling operations

The drilling audio signals captured from rock drilling operations were analysed using
fast Fourier transformations (FFT) .The acquired data from the microphone
(Fig.3.11a) was put onto a fast Fourier analyser to convert the time domain signals to
frequency domain signals. Append signals toolkit (Fig.3.11b) was also used to
understand the time domain response of the whole signal, and FFT was conducted
based on the peak amplitude observed from the time domain plots. The FFTs were
obtained after filtering the raw data obtained from the experimental measurement. A

Butterworth band pass filter (Fig.3.11b) was used to ensure that the FFT was free
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from noisy signals with the help of the Labview software. The Labview block

diagram code for sound signal measurement is shown in Fig.3.11a and Fig.3.11b.

Filename

Write To

Measurement
DAQ Assistant File

data Signals

Figure 3.11a: Labview block diagram code utilised for acquiring the sound signal data

from microphone

E] False 't

==

Append Signals Waveform Graph 2
> Input Signal A
iR = Input Signal B k,_Ll
‘@] A ded Signz»
Read From H peen 5 —
Measurement

File o[ True ~p

Y Y ¥
Yvvvy

e%ng time fft Signals L.
FE@E T ey
L 5 >
Spectral
starting fft time ¢ - q Measpurements
Filter - Waveform Graph
i Signal - Storats
E Filtered Signal »A FET - (Peak) =
Phase i

Figure 3.11b: Labview block diagram code for sound signal analysis
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3.7 Determination of A-weighted Equivalent Sound Pressure Levels

Sound levels were measured for the rotation speeds of 150 rpm, 200 rpm, 250 rpm,
300 rpm and 350 rpm and penetration rates of 2, 3, 4, 5 and 6 mm/ min on each rock
block. For each combination of drill bit diameter, drill bit speed and penetration rate,
a total of 125 sets of test conditions were arrived at for drill bit diameters of 6 mm, 10
mm, 16 mm,18 mm and 20 mm-—A-weighted equivalent continuous sound level (Leg)
was recorded for all 125 different drill holes of 30 mm depth on each rock block. The
data for seven rock types were used to develop the model for prediction of specific
energy during diamond drilling operations. So in a total 875 (i.e. 125 X 7 = 875) L¢q
(Equivalent sound level) values were used to develop the multiple linear regression
models. For all measurements, the sound level meter was kept at a distance of 1.5 cm
from the periphery of the drill bit (Fig. 3.10). For a particular condition and for the
same rock block, the sound level was determined five times in relatively rapid

successions. The recorded equivalent sound levels were almost consistent.

3.8 Determination of Specific Energy

Specific energy (SE) is defined as the energy required for removing a unit volume of
rock. For determination of SE, a cutting tool dynamometer was used to measure thrust
and torque force during diamond core drilling operations. The dynamometer was
fixed on the work table above which the vice was fixed. The cubic rock sample (20cm
X 20cm X 20cm) was fixed firmly between the vice jaws. The experimental set up is
shown in Fig. 3.10. During drilling operation, thrust and torque are recorded for all
125 different drill holes of 30 mm depth on each rock block (combination of drill bit

diameter, drill bit speed and penetration rate). SE was determined by the following

equation:
Specific energy (SP.E)=E/V  Nm/m® (3.6)
Where, E = Energy consumed (Nm)
F = Force (N)

D = Depth of the cut (m)
V = Volume of the rock brocken (m°)
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3.8.1 Details of parametric variation for determination of specific energy

Table 3.4: Details of parametric variation for determination of specific energy

Parameters

Variables

Laboratory investigations

(A) Drilling experiments

(a) Bit parameters

1) Bit type

Diamond core drill bits

2) Bit geometry

Circular with industrial diamond

3) Bit diameter

5 different diameters (6 mm,10 mm,16
mm,18 mm, and 20 mm)

(b) Operational Parameters

1) Penetration rate

Five magnitudes (2 mm/min, 3 mm/min, 4
mm/min, 5 mm/min, and 6 mm/min)

2) Drilling speed(RPM)

Five magnitudes (150 rpm, 200 rpm, 250
rpm,300 rpm, and 350 rpm)

3) Depth of the hole

30 mm

(c) Rock parameters

1) Type

Ochre, bituminous coal, laterite, pink
limestone, black limestone, hematite,
dolomite

2) Rock properties considered

Uniaxial compressive strength, Brazilian
tensile strength, density, abrasivity, impact
strength index

(d) Measured parameters

Noise levels, thrust, torque, specific energy

(e) Drilling conditions

Dry condition

3.9 Analytical Techniques

Simple and multiple linear regressions, multiple regression analysis and ANN are

powerful tools for deriving mathematical relationships between the several dependent

and independent variables. It provides information about independent variables and

their uses to make much more powerful and accurate predictions of the dependent

variables. The mathematical modelling for dominant frequencies, A-weighted

equivalent sound levels produced during rock drilling, was carried out using SPSS

Statistics 20, ANN, and Minitab17.
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3.9.1 Modeling of physico-mechanical properties of rocks
Rock properties prediction models were developed in three cases using DAQ

microphone with the help of Labview software i.e.

(1) At a constant drill bit diameter of 20 mm, a speed of 350 rpm, and a penetration
rate 6 mm/min. The audio signals during drilling were measured up to a drilling
depth of 30 mm (required time to drill 30 mm depth hole is 300 s corresponding
to ochre, bituminous coal, laterite, pink limestone, and hematite respectively).

(i) At a few experimental combinations by varying drill bit diameters of (6, 10, 16,
18 and 20 mm), speeds of (150, 200, 250, 300, and 350 rpm), penetration rates
of (2, 3, 4, 5 and 6 mm/min). In this investigation, the drilling times of 40 s, 30
S, 24 s, 20 s, and 17 s, correspond to ochre, bituminous coal, laterite, pink
limestone, and hematite respectively.

(iii) The audio signals produced during drilling were measured for 60 seconds for
various drill bit diameters, penetration rates, and spindle speeds (i.e.,
combinations of the drill bit diameters of 6 mm, 10 mm, 16 mm, 18 mm, and 20
mm at penetration rates of 2 mm/min, 3 mm/min, 4 mm/min,5 mm/min, and 6
mm/min and speeds of 150 rpm, 200 rpm, 250 rpm, 300 rpm, and 350 rpm)
correspond to ochre, bituminous coal, laterite, pink limestone, black limestone
hematite and dolomite. Hence, for each rock type, a total of 125 test conditions
were arrived at: For each rock = 125 test conditions, Total: seven (7) different

rock types x 125 = 875 test conditions were used to predict rock properties.

3.9.2 Development of simple linear regression models

It is a statistical approach that permits to recapitulate and study relationships between
two (dependent and independent) quantitative variables. The simple linear regression

equation is generally expressed as:
Y = Po + B1X1 + error (3.7)

Where Y denotes dependent variables, x; indicate independent variables and Bo, B1,
indicate the regression coefficients in the model. Simple regression analysis was

carried out to predict rock properties. The mathematical modeling for dominant
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frequencies produced during rock drilling was carried out using SPSS Statistics 20.
For development of prediction models, the independent variable considered as input
parameters i.e., dominant frequencies (Hz). The dependent variable was UCS, BTS,
and density.

3.9.3 Development of multiple linear regression models

Multiple linear regression analysis was carried out to predict specific energy (SE). A
number of statistical parameters or terms are associated with the multiple linear
regression analysis. Some of the most important ones include the coefficient of
multiple determinations, confidence level, standard error, model error, significance
level, t- distribution, F- distribution and errors (Field, 2009). Hence, a multiple linear
regression model with k predictor variables X, Xs,...,.Xx and a response Y can be

written as:
Y = Bo + Baxq + PaXa + -+ PuXk + error (3.8)

Where Y denotes dependent variables, X3, Xz, -+ X indicate independent variables and
Bo, P1, B2+ Pk indicate the regression coefficients in the model.

The mathematical modeling for A-weighted equivalent sound pressure level produced
during rock drilling was carried out using Minitab 2017. For development of
prediction models, the independent variable considered as input parameters i.e., drill
bit diameter (mm), spindle speed (rpm), penetration rate (mm/min) and A-weighted
equivalent sound pressure level (dB), thrust (N), torque (Nm). The response (output)
was SE.

3.9.4 Development of multiple regression models

Multiple regression analysis is one of the tools for estimating the relationship between
the several dependent and independent variables. It provides information about the
independent variables and their uses to make much more powerful and accurate
predictions of the dependent variables. The mathematical modelling for dominant
frequencies, produced during rock drilling, were carried out using Minitabl7.
Dominant frequencies produced during drilling depend on a number of parameters,

such as drill bit diameter, spindle speed, and penetration rate. For the development of
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the prediction models, four important operational parameters were used as the
dependent variables (input parameters) — drill bit diameter (mm), spindle speed (rpm),
penetration rate (mm/min), and dominant frequencies (Hz). The responses (output)
were UCS, BTS, Los Angeles abrasion, and abrasivity. Hence, the detailed
operational parameters represent a quadratic model. The quadratic model involves ‘n’
independent variables, namely X;, X;...X,, and the multiple regression equation is

generally expressed as:
Y=ay+YoaX; +X ainl-Z + Xk 4 XiX; + error (3.9)

Where, Y denotes dependent variables, X;, X;,...X, indicate the independent variables,
a; is the linear parametric effect of x;,and a;; represents the quadratic effect, and the
third and fourth terms represent the combination of both. The regression model

includes linear, squared, and cross product terms.

3.9.5 Development of artificial neural network models

ANN is the biologically inspired computer programs designed to imitate the way in
which the human brain processes information. ANN gathers its knowledge by
detecting the patterns and relationships in data and learns or trained through
experience. The artificial neurons were interconnected to input layer to output layer
with the help of hidden layer and train the data efficiently. In this investigation
multilayer perception neural network model was adopted. The network architecture
panel details the particular network used to solve the problems with sigmoid
activation function in the hidden and output layer. One hidden layer was used to
predict the physico-mechanical properties of rocks in this investigation. The spindle
speed, penetration rate, dominant frequencies and drill bit diameter were employed as
input parameters while the output responses were UCS, BTS, density and abrasivity in
this model. The hidden layer computes the weighted inputs and produces the net input
which is then applied with sigmoid activation functions to produce the actual output.

This can be written as:
a=f(ZEiwip; +b) (3.10)

Whereas: a = neuron output, f = transfer function, w; - weight value, p; = input

parameter, b = summed with bias.
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CHAPTER-4

RESULTS AND DISCUSSION

4.1 Effect of the Operating Variables on A-weighted Sound Pressure Level

Figures 4.1a to 4.1c show the plots of A-weighted sound pressure levels against three
different operational parameters, namely drill bit diameter, spindle speed and
penetration rate. The plots show that the A-weighted sound pressure levels increase
from 73 dB to 142 dB with an increase in the drill bit diameter, spindle speed, and
penetration rate while drilling in rock samples of ochre, bituminous coal, laterite, pink
limestone, black limestone, hematite and dolomite. This may be due to the significant
increase in the uniaxial compressive strength of rocks and due to the increase in the
drill bit diameter area which results in more friction at bit-rock interface. However,
the trend of A-weight SPL with the compressive strength is inconsistent which might
be due to influences of other rock properties such as abrasivity (Kivade et al. 2014),
mineralogical compositions or petrographic features (grain size, grain bindings, and
micro-cracking) in the rock samples (Macias, 2017).The average value of noise levels
is shown in Table 4.A1 to 4.A3 in Appendix-A.
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Figure 4.1a: Effect of drill bit diameter on A- weighted sound pressure level on
various rock samples at 30 mm depth

37



135
130~ —m— Ochre
125.]| —@— Coal

1204 —w— Pink limestone
115 ]| —e— Black limestone

—<— Hematite
1104 5 bolomite
105

100
95

90
85

804
703 -_/_.’-/'./- .
704

65 -
60

A-Weighted Sound Pressure Level (dB)

Penetration Rate (mm/min)

Figure 4.1b: Effect of penetration rate on A- weighted sound pressure level on various

rock samples at 30 mm depth
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Figure 4.1c: Effect of drill bit speed on A- weighted sound pressure level on various
rock samples at 30 mm depth

4.2 Effect of the Operating Variables on Specific Energy

The operating parameters have great interactions in combinations with the drill bit
diameter, penetration rate, and drill bit speed. The effect of the drill bit diameter,
penetration rate, and drill bit speed on specific energy in the diamond drilling
operations is shown in Figures 4.2a to 4.2c. Specific energy was determined for
various bit and rock combinations drill bit diameters of 6 mm to 20 mm and spindle

speed of 150 rpm to 250 rpm, penetration rates of 2 mm/min to 6 mm/min.

e Figure 4.2a shows that SE decreased from 30.381 Nm/m?® to 1.672 Nm/m? with an

increase in the drill bit diameters from 6 mm, 10 mm, 16 mm, 18 mm, and 20 mm,
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corresponding to ochre, bituminous coal, laterite, pink limestone, black limestone,
hematite and dolomite. This is due to the increase in the drill bit diameter area,
which contributes a higher volume removal rate, with consequently a decrease of
SE during the drilling operation at 30 mm depth; this may be attributed to greater
friction effects on the circumference of a smaller drill bit in relation to the area
extracted by it (Reddish and Yasar 1996).

e Figure 4.2b shows that the SE decreased from 25.076 Nm/m® to 1.502 Nm/m®
with an increase in the penetration rate from 2 mm/min to 6 mm/min
corresponding to selected rock types. This is due to the increase in the specific
removal rate, i.e. where the material drilled in unit time (Reddish and Yasar,
1996).

e Figure 4.2c shows that the SE decreased from 16.417 Nm/m® to 1.024 Nm/m?®
with an increase in the drill bit speed from 150 rpm to 350 rpm corresponding to
the selected rock types. This is due to the increase in the specific removal rate, i.e.
where the material is drilled in unit time (Reddish and Yasar, 1996). The average

values of specific energy are shown in Table 4.A4 to 4.A6 in Appendix-A.
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Figure 4.2a: Effect of drill bit diameter on specific energy on various rock samples at
30 mm depth
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Figure 4.2b: Effect of penetration rate on specific energy on various rock samples at
30 mm depth
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Figure 4.2c: Effect of drill bit speeds on specific energy on various rock samples at 30
mm depth

4.3 Effect of Thrust on A - weighted Sound Pressure Level

Figure 4.3a shows the plot of A-weighted sound pressure level against thrust which
was varied by varying drill bit diameter. Figure 4.3b shows a similar plot of A-
weighted sound pressure level versus thrust, which was obtained by the penetration
rate. A similar plot of A-weighted sound pressure level is shown in Figure 4.3c, where
thrust was increased by increasing the drill bit speed. These figures show that A-
weighted sound pressure level increases from 71 dB to 142 dB when thrust was
increases from 109.23 N to 1001.96 N while drilling in rock samples of ochre,
bituminous coal, laterite, pink limestone, black limestone, hematite and dolomite. The
average value of thrust which increases with the drill bit diameter, drill bit speed, and
penetration rate is shown in Table 4.A7 to 4.A9 in Appendix-A. This may be due to
the normal forces which maintain bit-rock contact frictional forces between diamond
drill bit and rock sample. The relationships between the normal forces and tangential

force are dependent on the contact friction at the bottom of the diamond drill bit (bit-
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rock contact). The reason for high thrust force and the friction between the cutting

side and crushed zone becomes a resistant force in the penetration process for

transferring the normal force to the crushed zone (He et al. 2020). An increase in the

drill bit diameter increases the thrust during drilling operations. For this reason the

thrust increases corresponding drill bit diameter, drill bit speed and penetration rate.
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Figure 4.3a: Effect of thrust on A-weighted sound pressure level at varying drill bit

diameter on various rock samples at 30 mm depth
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Figure 4.3b: Effect of thrust on A-weighted sound pressure level at varying
penetration rate on various rock samples at 30 mm depth
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Figure 4.3c: Effect of thrust on A-weighted sound pressure level at varying drill bit
speed on various rock samples at 30 mm depth

4.4 Effect of Torque on A —weighted Sound Pressure Level

Figures 4.3a to 4.3c show the plots of torque on A-weighted sound pressure levels
with varying drill bit diameter, spindle speed and penetration rate. The plots show that
torque and A-weighted sound pressure level increases from 2 Nm to 11.88 Nm, 71 dB
to 142 dB with an increase in the drill bit diameter, spindle speed, and penetration rate
while drilling in rock samples of ochre, bituminous coal, laterite, pink limestone,
black limestone, hematite and dolomite. This may be due to the significant increase in
the uniaxial compressive strength of rocks (hardness of the rock), The rock hardness
is characterized by a high torque values for hard rock, and also observed that, low
torque values for in the soft rocks (Sinkala 1990). Furthermore, the torque is applied
mainly to move drill bit inserts to new surfaces (clark 1982; Lundberg 1971; Wijk
1982). Hence, apart from that mineralogical compositions or petrographic features
like grain size, grain bindings, and micro-cracking also might contribute substantially
for increasing the torque. The average value of torque is shown in Table 4.A10 to
4.A12 in Appendix-A.
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Figure 4.4a: Effect of torque on A-weighted sound pressure level at varying drill bit
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Figure 4.4b: Effect of torque on A-weighted sound pressure level at varying
penetration rate on various rock samples at 30 mm depth
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Figure 4.4c: Effect of torque on A-weighted sound pressure level at varying drill bit
speed on various rock samples at 30 mm depth

4.5 Effect of Rock Properties on A-weighted Sound Pressure Level

Figures 4.5a to 4.5e show the plots of physico-mechanical rock properties on average
values of A-weighted sound pressure level for various rock samples. From Figures
4.5a, 4.5b, 4.5c and 4.5e it can be observed that, the A-weighted sound pressure level
increases with rock properties such as uniaxial compressive strength, Brazilian tensile
strength, density, and impact strength index. Generally A-weighted sound pressure
level is higher obtained when drilling in hard rocks having higher uniaxial
compressive strength and density (Vardhan et al. 2009; Kivade et al. 2013; Masood
2015; Delibalta et al 2015) whereas from Fig. 4.5d it can be observed that A-weighted
sound pressure level decreased with increasing the abrasivity. It may be the possible

the percentage wear loss were observed in the rock samples.
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4.6 Development of Regression Models

4.6.1 Development of rock properties predictive models at constant drill bit
diameter, drill bit speed, and penetration rate

The drilling audio signals were analysed using fast Fourier transformations (FFT)
after capturing the audio signals from rock drilling operations. The acquired data from
the microphone (Figure 3.11a) was put onto a fast Fourier analyser to convert the time
domain signals to frequency domain signals. Append signals toolkit (Figure 3.11b)
was also used to understand the time domain response of the whole signal, and FFT
was conducted based on the peak amplitude observed from the time domain plots. The
FFT’s were obtained after filtering the raw data obtained from the experimental
measurement. A Butterworth band pass filter (Figure 3.11b) was used to ensure that
the FFT is free from noisy signals with the help of the Labview software. Hence, the
sound measurement is accurate, and noisy signals are avoided. The Labview block
diagram code for sound signal measurement is shown in Figure 3.11a and Figure
3.11b.
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The time domain plots are shown in Figure 4.6, wherein the X-axis represents the
time in seconds and the Y-axis the amplitude in Pascals. A total of 300 seconds (the
required time to drill 30 mm depth hole for each of the five rock types) time domain
data was selected for the analysis. The peak amplitude of FFT was selected for the
analysis of 300-second time domain plots, i.e. 262" second FFT, 225" second FFT,
291% second FFT, 65" second FFT and 189" second FFT were selected corresponding
to (a) ochre, (b) bituminous coal, (c) laterite, (d) pink limestone and (e) hematite. This
peak amplitude contains the maximum energy carried in the noise spectrum. All
spectrogram algorithms were plotted using the Hanning function. The drilling audio

recording sampling rate was 51.2 kHz per second.
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Figure 4.6: Time domain plots for various rock types i.e. (a) ochre, (b) bituminous

coal, (c) laterite, (d) pink limestone and (e) hematite

Five dominant frequencies were extracted from the frequency domain of each
selected rock, where the highest sound pressure level (dB) was determined, as shown
in Figure 4.7a to Figure 4.7e. These frequencies known as dominant frequencies
corresponding to every rock type are given in Table 4.13. The results given in Table
4.13 are in line with Zborovjan et al. (2003), wherein it was said that the maximum
information contained appropriate signal transfer. The rock drilling acoustic signature
can be found between 5000 Hz to 8000 Hz.

(b)

49




Amplitude

(d)
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Figure 4.7: Selected five dominant frequencies between 5000 Hz and 8000 Hz from
the FFT results i.e., (a) ochre, (b) bituminous coal, (c) laterite, (d) pink limestone and
(e) hematite

Table 4.13: Dominant frequencies for various rock types

Rock type Frequency- F1 | Frequency- F2 | Frequency- F3 | Frequency- F4 | Frequency- F5
(H2) (Hz) (H2) (H2) (Hz)
Ochre 5476 5938 6499 7494 7820
Ec:;‘:m'”ous 5081 6144 7620 7959 8001
Laterite 5421 6123 6448 6686 7494
Pink limestone 5045 5330 7832 7839 7876
Hematite 6305 6310 6320 6327 6371

4.6.2 Modeling of rock properties

After the extraction of dominant frequency for each rock type, simple linear
regression analysis was performed between the physico-mechanical rock properties
and dominant frequencies using the SPSS statistics software. For the modelling of
UCS, F5 frequency was significant compared to F1, F2, F3 and F4 frequencies.
Similarly, in the case of BTS, F5 frequency was significant and, for density, F4
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frequency was significant. A set of satisfactory mathematical equations (4.1) to (4.3)

were obtained for the quantification of physico-mechanical rock properties, i.e.

uniaxial compressive strength (UCS), Brazilian tensile strength (BTS) and density
wherein the significant value (Table 4.14, Table 4.15 and Table 4.16) are less than

0.005. The coefficients of predicting the model are shown from Table 4.14 to Table
4.16, where the significant P-value was obtained as 0.021, 0.010 and 0.024

corresponding to UCS, BTS and density, respectively.

Table 4.14: The prediction model coefficients for predicting uniaxial compressive

UCS =501.886 - 0.060 x F5, R? = 87.0 %

BTS = 32.291 — 0.004 x F5, R* = 92.1 %

Density = 9.029 — 0.001 x F4, R*=85.5 %

(4.1)
(4.2)

(4.3)

strength
Standardized
Model coefficients
Unstandardized coefficients t-value Significant
value
B Std. Error Beta
Linear

(Constant) 501.886 101.333 - 4,953 0.016

Frequency-F5 -0.060 0.013 -0.933 -4.487 0.021

Dependent variable: UCS

Table 4.15: The prediction model coefficients for predicting Brazilian tensile strength

Standardized
Model Unstandardized coefficients | coefficients t-value Significant
value
B Std. Error Beta
Linear (Constant) 32.291 4.999 6.459 0.008
Frequency-F5 -0.004 0.001 -0.960 -5.924 0.010

Dependent variable: BTS
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Table 4.16: The prediction model coefficients for predicting density

Standardized

Model Unstandardized coefficients | coefficients t-value Significant
value
B Std.Error Beta
Linear (Constant) 9.029 1.525 5.921 0.010
Frequency-F4 -0.001 0.000 -0.925 -4.213 0.024

Dependent variable: Density

After the development of the prediction model, the data for ten rock types obtained

through literature were used for validating the developed prediction model. The data
on UCS in Table 4.A17 (Referer Appendix-A) and the Brazilian tensile strength in
Table 4.A18 (Referer Appendix-A) are taken from Kalyan et al. (2006) and Masood
(2015). Similarly, Table 4.A19 (Referer Appendix-A) data on density are taken from
Kahraman et al. (2013) and Kalyan et al. (2016). Tables 4.A17 to Table 4.A19

(Referer Appendix-A) also give the predicted values corresponding to the measured

values and the model error. It can be perceived that the constructed models predicted

all physico-mechanical properties with less than 15.37% error. The comparison of

multiple linear regression models with the corresponding validation model is shown

in Figure.4.8.
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Figure 4.8: Simple linear regression prediction model, and distribution of validation
pointes corresponding UCS, BTS, and density
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4.6.3 Excitation frequency (Hz) versus sound pressure level (SPL) for rock
blocks

The sound pressure level (dB) and the excitation frequency, one-third octave mid-
band frequency (Hz), are shown in Figures 4.9a - Figure.4.9e for various rock blocks.
It was observed that the sound pressure level was higher up to the frequency of 5000
Hz for rock blocks, namely ochre (Figure 4.9a), bituminous coal (Figure 4.9b), laterite
(Figure 4.9c) and pink limestone (Figure 4.9d). However, for hematite block (Figure
4.9e), the sound pressure level was higher beyond 5000 Hz centre frequency for
hematite block. This may be due to the significantly greater uniaxial compressive
strength of hematite compared to other rock blocks. The increase in the compressive
strength and hence drillability depends on the mineralogical composition and the
petrographic features (grain size, grain bindings, weathering and micro-cracking) of

the rock Macias (2017) and, hence, increase in the sound level (Vardhan et al. 2009).

Sound Pressure Level (dB)

0 5000 10000 15000 20000 25000

Excitation Frequency (Hz)

Figure 4.9a: Sound pressure level vs. excitation frequency for ochre rock

Sound Pressure Level (dB)

0 5000 10000 15000 20000 25000
Excitation Frequency (Hz)

Figure 4.9b: Sound pressure level vs. excitation frequency for bituminous coal
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Figure 4.9c: Sound pressure level vs. excitation frequency for laterite
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Figure 4.9d: Sound pressure level vs. excitation frequency for pink limestone

55



100

=]
[—]

(=)
=

[
[—]

[—]

Sound Pressure Level (dB)
o
=

0 3000 10000 15000 20000 25000
Excitation Frequency (Hz)

Figure 4.9e: Sound pressure level vs. excitation frequency for hematite

4.7 Development of Rock Properties Predictive Models for varying combinations

of Drill bit Diameters, Drill bit Speed, and Penetration rate

4.7.1 Sound pressure level measurement

In this investigation, case - (i) methodology was used to predict rock properties, but
for each drilling condition, drilling time was different. For example, a drilling
condition of (6, 150, 2) i.e., drill bit diameter = 6 mm, speed = 150 rpm, and
penetration rate = 2 mm/ min) was used for ochre to drill for 40 s to obtain
frequencies F1- F5, as listed in Table 4.20. Similarly, the cases of bituminous coal,
laterite, pink limestone, and hematite used corresponding drilling conditions of (10,
200, 3) to drill for 30 s, (16, 250, 4) to drill for 24 s, (18, 300, 5) to drill for 20 s, and
(20, 350, 6) to drill for 17 s to obtain frequencies F1- F5. The standard deviation and
uncertainty were within limits to for prediction of UCS, BTS and density using the
dominant frequency of sound signals. The extracted dominant frequencies from

frequency domain are shown in Table.4.20.
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Table 4.20: Five dominant frequencies for selected rock samples

Rock type Frequenc | Frequenc | Frequenc | Frequenc | Frequency-
y-F1 y- F2 y- F3 y- F4 F5 (Hz)
(Hz2) (Hz) (Hz2) (Hz2)

Ochre 5579 6900 6941 7994 8000

Eo'gfm'”ous 6002 7732 8507 8512 8522

Laterite 5880 5998 6025 6999 7168

Pink 5510 | 5991 | 6800 | 7910 7970

limestone

Hematite 4000 4100 5641 6494 7650

4.7.2 Modeling of rock properties

After extraction of each rock dominant frequencies, simple linear regression analysis
was performed between the physico-mechanical rock properties and dominant
frequencies using SPSS statistics software. For the prediction model, rock properties
were selected as a dependent variable and independent variable as frequency. All
selected frequency F1 to F5 corresponding rock properties like UCS, BTS, and
density were checked. For the modeling of UCS, F2 frequency was significant
compared with F1, F3, F4, and F5 frequencies. Similar was the case with BTS, and
density. A set of satisfactory mathematical equations (4.4) to (4.6) were derived for
the quantification of rock properties, i.e. Uniaxial Compressive Strength (UCS),
Brazilian Tensile Strength (BTS) and density where in the significant value (Table
4.22) are less than 0.005 and the R? value is 91.4 %, 93.5 %, and 96.0 % as shown in
Table 4.21. The coefficients of predicting models are given in Table 4.23 to Table
4.25.

UCS=235349-0.030xF2, R*=914% (4.4)
BTS =20.392-0.003x F1, R?=935% (4.5)
Density = 8.877 - 0.001 x F4, R*=96.0%  (4.6)
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Table 4.21 Model summary for the dependent variable

Dependent R value R Square Adjusted R Standard earror
variable Square of the estimate
UCS 0.956 0.914 0.885 14.59412

BTS 0.967 0.935 0.913 0.80226
Density 0.980 0.960 0.946 0.15900

Table 4.22 Analysis of variance (ANOVA) for the dependent variable

Dependent Model Degree of | Sum of Mean F-value | Significant
variable freedom | Squares Square P-value
Regression 1 6760.480 | 6760.480 | 31.741 0.011
ucs Residual 3 638.965 | 212.988 - -
Total 4 7399.445 - - -
Regression 1 27.719 27.719 43.068 0.007
BTS Residual 3 1.931 0.644 - -
Total 4 29.650 - - -
Regression 1 1.812 1.812 71.657 0.003
Density Residual 3 0.076 0.025 - -
Total 4 1.887 - - -
Table 4.23 Coefficients of proposed model for predicted UCS
Standardized
Model Unstandardized coefficients t-value | Significant
coefficients value
B Std. Beta
Linear Error
(Constant) 235.349 33.788 6.965 0.006
Freqlligncy- -0.030 0.005 -0.956 -5.634 0.011

Dependent variable: UCS
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Table 4.24 Coefficients of proposed model for predicted BTS

Unstandardized Standardized Significant
Model coefficients coefficients t-value | value
B Std.Error Beta
Linear (Constant) 20.392 2.709 - 7.526 0.005
Frequency- -0.003 0.000 -0.967 -6.563 0.007
F1
Dependent variable: BTS
Table 4.25 Coefficients of proposed model for predicted density
Standardized
Model Unstandardized coefficients t-value | Significant
coefficients value
B Std. Beta
Linear Error
(Constant) 8.880 0.742 - 11.972 0.001
Frequency- -0.001 0.000 -0.980 -8.465 0.003
F4

Dependent variable: density

After the development of the prediction model, three rock types (marble, moon white
granite, and basalt) were used for validating the developed prediction model. Table
4.26 to Table 4.28 gives the predicted values corresponding to the measured values,
and the model error. It can be seen that, the constructed models predicted all physico-
mechanical properties with less than 4.0 % error. The comparison of the simple linear

regression model with the corresponding validation model is shown in Figure 4.10.
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Table 4.26 Predicted values, measured values from prediction model and model error

for uniaxial compressive strength (Three validation rock samples)

Rock sample name Measured UCS (MPa) | Predicted UCS (MPa) | Error %
Marble 24.05 24.059 3.7422
Moon white granite 28.83 28.859 0.1005
Basalt 54.13 54.149 0.0351

Table 4.27 Predicted values, measured values from prediction model and model error

for Brazilian tensile strength (Three validation rock samples)

Rock sample name Measured BTS (MPa) | Predicted BTS (MPa) | Error %
Marble 2.58 2.581 0.0387
Moon white granite 2.98 2.982 0.0671
Basalt 5.58 5.581 0.0179

Table 4.28 Predicted values, measured values from prediction model and model error

for density (Three validation rock samples)

Rock sample name Measured density (g/cm®) | Predicted density (g/cm®) | Error %
Marble 2.59 2.591 0.0386
Moon white granite 2.64 2.641 0.0378
Basalt 2.85 2.851 0.0350
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4.8 Development of Rock Properties Predictive Models for Combinations of the

Drill bit Diameters, Drill bit Speed, and Penetration rate

In this investigation case - (i) methodology was used to predict rock properties. The
audio signals produced during drilling were measured for 60 seconds for various drill
bit conditions, penetration rates, and spindle speeds for selected rock samples. For
each test conditions, audio signals were measured for 60 seconds and this 60 seconds
data was used for the frequency analysis. The 125 (i.e. combinations of drill bit
diameters of 6 mm, 10 mm, 16 mm, 18 mm, and 20 mm at penetration rates of 2
mm/min, 3 mm/min, 4 mm/min,5 mm/min, and 6 mm/min and speeds of 150 rpm,
200 rpm, 250 rpm, 300 rpm, and 350 rpm, total test conditions: 125 x 7 rock types =
875 test conditions were arrived) dominant frequencies were extracted from the
frequency domain of each selected rock, where the highest sound pressure level (dB)
was determined. These frequencies were called dominant frequencies corresponding
to each rock block. Table 4.A29 shown in Appendix- A experimental results of 125
dominant frequencies (Hz) for each rock sample.

4.8.1 Modelling of rock properties using multiple regression analysis

A multiple regression model was developed for UCS, BTS, density, and abrasivity
considering 60 seconds of drilling, after the penetration of the drill bit into the rock
mass, as shown in Equations 4.7 to 4.10. To evaluate the model, a backward
elimination method was used as the test procedure. Analysis of variance was
performed to observe the essential parameters carried out in the statistical model for
UCS, BTS, density, and abrasivity, with significance of 95% confidence interval.
Influence of the parametric level of the UCS, BTS, density, and abrasivity were
compared using ANOVA with the Minitab17. Where the p-values equal or smaller
than 0.005, were considered to be statistically significant, and the corresponding data

was noted down, as shown in the regression Table 4.A30 (Appendix-A).

Development of regression models:

Regression equation for UCS:

UCS = -10.5 - 13.035 DD - 0.0377 RPM + 0.02758 FR + 0.7698 DD*DD - 0.000002
FR*FR+0.000006 RPM*FR (4.7)
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Regression equation for BTS:

BTS = 0.58 - 1.1561 DD - 0.00278 RPM + 0.001899 FR + 0.06017 DD*DD -
0.000001 FR*FR+0.000003 RPM*FR (4.8)

Regression equation for density:

Density = 2.915 - 0.2413 DD - 0.00127 RPM + 0.000219 FR + 0.011513 DD*DD -
0.000001 FR*FR+0.000005 DD*FR+0.000001 RPM*FR (4.9

Regression equation for abrasivity:
Abrasivity = 112.6 - 4.651 DD - 0.00527 FR + 0.000001 FR*FR + 0.000088 DD*FR
(4.10)

Where, DD = diameter of the drill bit (mm), SS = spindle speed (rpm), PR =

penetration rate (mm/min), FR = dominant frequency (Hz).

4.8.2 Analysis of variance (ANOVA)

Regression analysis was carried out to obtain second-order models for UCS, BTS,
density, and abrasivity during diamond core drilling operations. This test helps find
the input parameters that considerably affect the desired output response in the model.
ANOVA is most the popular analysis tool for studying the significant parameters that
influence the quality characteristics and identify the percentage contribution ratio of

each process factor on the output response.

Initially, ANOVA was performed between the input parameters i.e. drill bit diameter
(mm), penetration rate (mm/min), spindle speed (rpm), dominant frequencies (DF)
and rock properties (i.e., UCS, BTS, density, abrasivity). All the insignificant terms (p
> 0.05) from the obtained model were removed, and the regression analysis was
carried out again, this time with significant terms in the model. After performing the
experimental analysis of the obtained data, presented in Table 4.31.Whereas the P-

value was found to be significantly good, at less than 0.005.
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Table 4.31: Results of ANOVA for various rocks

UCS

Source DF | Seq.SS | AdjSS Adj MS | F-Value | P-
Value
Regression | 6 1308442 | 1308442 | 218074 | 682.00 0.000
DD 1 1136383 | 69965 69965 2188.81 | 0.000
RPM 1 0 146 146 0.46 0.050
FR 1 359 2724 2724 8.52 0.004
DD*DD 1 168212 | 166496 166496 | 520.70 0.000
FR*FR 1 3327 3345 3345 10.46 0.001
RPM*FR |1 160 160 160 0.50 0.005

Ea.4.7 [ Error 868 | 277547 | 277547 | 320 - -

Total 874 | 1585989 | - - - -

BTS

Source DF |Seq.SS | AdjSS Adj MS | F-Value | P-
Value
Regression | 6 4899.61 | 4899.6 816.60 | 525.44 | 0.000
DD 1 3854.94 | 550.35 550.35 354.12 0.000
RPM 1 0.00 0.80 0.80 0.51 0.054
FR 1 1.11 12.92 12.92 8.31 0.004
DD*DD 1 1026.90 | 1017.06 | 1017.06 | 654.43 0.000
Eq.4.8 | FR*FR 1 15.78 15.88 15.88 10.22 0.001
RPM*FR |1 0.87 0.87 0.87 0.56 0.055

Error 868 | 1348.99 | 1348.99 | 1.55 - -

Total 874 | 6248.60 | - - - -

Density

Source DF |Seq.SS | AdjSS Adj MS | F-Value | P-
Value
Regression | 7 230.625 | 230.625 | 32.9464 | 207.41 0.000
DD 1 191.702 | 12.852 12.8521 | 80.91 0.000
RPM 1 0.000 0.165 0.1655 1.04 0.008
FR 1 0.355 0.166 0.1664 1.05 0.006
DD*DD 1 37.353 37.167 37.1675 | 233.99 0.000
£q.4.9 FR*FR 1 0.488 0.479 0.4791 3.02 0.053
o DD*FR 1 0.549 0.556 0.5560 3.50 0.002
RPM*FR 1 0.178 0.178 0.1784 1.12 0.007

Error 867 |137.718 | 137.718 | 0.1588 - -

Total 874 |368.343 | - - - -

Abrasivity

Source DF |Seq.SS | AdjSS Adj MS | F-Value | P-
Value
Regression | 4 391573 | 391573 97893.3 | 2998.03 | 0.000
DD 1 391228 | 11100 11099.8 | 339.94 0.000
FR 1 88 100 100.3 3.07 0.080
Eq.4.10 | FR*FR 1 67 71 70.7 2.17 0.001
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DD*FR 1 191 191 190.8 5.84 0.016
Error 870 | 28408 28408 32.7 - -
Total 874 | 419981 - - - -

4.8.3 VValidation of the derived models

The statistical results of the UCS, BTS, density, and abrasivity models for various

rock types are demonstrated in Figure 4.11. The correlation coefficients of these
models i.e. the R? values are 82.50%, 78.41%, 70.40%, and 93.24% for UCS, BTS,

density, and abrasivity, respectively. Figure.4.8 shows the measured value versus

predicted value, corresponding to the UCS, BTS, density, and abrasivity. The scatter

plots show that the values obtained from the multiple regression models and the value

measured from the experimental work, both are fairly close with less than 10% error.

It can be said that the developed models are reasonably good.
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Figure 4.11: Measured UCS, BTS, density, and abrasivity vs. predicted UCS. BTS,
density, and abrasivity
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4.8.4 Performance prediction of derived models

The prediction of performance is a better indicator for the developed prediction
models to assess the coefficient of correlations between the predicted and measured
results. The value adjustment factor (VAF) and the root mean square error (RMSE)
were calculated for the predictive ability of the models, whereas, y and y1 and A; and
P; are the measured and predicted values, as given in Equations (11) to (13). If VAF is
equal to 100 and RMSE is equal to zero then the model is considered good. Similarly,
the mean absolute percentage error (MAPE) demonstrates the accuracy fit value of the
statistics (Kumar et al., 2011b). The performance indices of the developed regression

model are shown in Table 4.32.

VAF = [1— %{yy)”] x 100 (4.11)
1
RMSE = \/; S —y)? (4.12)
1 Ai—Pi
MAPE =~ 3, |%| x 100 (4.13)

Table 4.32 Performance indices of the developed regression model

Variable Performance Indices
RMSE VAF (%) MAPE
UCS 0.102754 82.50008 0.027281
BTS 1.241652 78.41137 0.028388
Density 0.396727 79.40137 0.007817
Abrasivity 0.697889 93.23596 0.00521

4.9 Development of Artificial Neural Network Models
In this analysis, the sound pressure levels recorded for duration of around 60 seconds
of drilling was used to determine dominant frequencies using FFT analysis as

followed by case-(iii).

Experimental data of total 875 test conditions, were used to predict physic-
mechanical rock properties during drilling operations through ANN. Out of these,
70% data (612 test conditions) were used for the training set and the remaining 30%
data (263 test conditions) were used to test the models. Figure 4.12 shows the multi-

layer perceptron (MLP) generalised structure of the ANN model. The spindle speed,
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penetration rate, dominant frequencies and drill bit diameter were employed as input
parameters in the model while the output responses were UCS, BTS, dry density and
abrasivity. These input parameters are effective for constructing the ANN prediction
model and cover the problem of the domain being investigated.

Hidden Layer
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Figure 4.12: lllustration of an artificial neural network model
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The multi-layer perceptron network was employed by Matlab 2015 ANN toolbox.
Seven types of back-propagation training algorithms were used to train the data sets.
These algorithms show the network accuracy and the performance (mean square
error-mse) of the plots. The seven algorithms are trainscg (scaled conjugate gradient
algorithm), traingda (gradient descent with adaptive learning back-propagation
algorithm),trainrp (resilient back-propagation algorithm), traingdx(gradient descent
with  momentum and adaptive learning back-propagation algorithm,trainim
(levenberg-marquardt algorithm), trainbfg (BFGS quasi-newton back-propagation
algorithm), traincgf (conjugate gradient back-propagation with fletcher-reeves updates
algorithm).

While training the algorithms, the number of neurons in the hidden layer was
estimated using the trial and error method. It revealed that 6-35 neurons were used in
a hidden layer with the tansig transfer function corresponding seven types of back-
propagation training algorithms. Primarily several trails were conducted to fix the

number of neurons in the hidden layer for every type of algorithm. The minimum
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RMSE value and the maximum VAF value was selected for the optimal number of
neurons in the hidden layer. The seven types of back-propagation training algorithms
performance and network architecture are shown in Table 4.33. This table clarifies
that “resilient back-propagation algorithm (trainrp)” was the most significant (fewer
epochs and the time take convergence is lesser) of the seven back-propagation
training algorithms with 35 neurons and minimum number of epochs - 9 - for the
prediction of physico-mechanical rock properties. This is the optimal number because
of the low RMSE value with the highest value of regression (R) respectively.

Table 4.33 Schematic representation of network architecture

Sl.no | Training Network Number Time taken Neural Neural
algorithm | architecture | of epochs for network network
convergence training testing
(sec) regression regression
1 Traingda 4:6:4 1000 152 sec 0.83296 0.89346
2 Traingdx 4:10:4 130 120 sec 0.83755 0.88689
3 Trainrp 4:35:4 09 32 sec 0.98428 0.98436
4 Traincgf 4:10:4 132 145 sec 0.833423 0.890522
5 trainglm 4:22:4 08 56 sec 0.83172 0.83299
6 Trainbfg 4:27:4 18 100 sec 0.81411 0.83296
7 Trainscg 4:15:4 37 60 sec 0.827874 0.901181

The errors were calculated by comparing the data of the measured rock properties
with the ANN predictions. The resilient back-propagation algorithm (trainrp)
predicted rock properties (UCS, BTS, density, and abrasivity) with an error from
2.31% to 10 %. The ANN models were checked by various performance indices, the
performance indices show that VAF, RMSE, and MAPE are minimum for the
network using trainrp (resilient back-propagation algorithm) corresponding the other
types of the algorithms for both testing and training data. The performance indices of
the developed neural network model training and testing as shown in Table 4.A34 in
the Appendix-A. Hence, the trainrp (resilient back-propagation algorithm) algorithm
could be efficiently used as a predictor to estimate the physico-mechanical properties
of rocks based on the dominant frequency of acoustic signals during diamond drilling

operations.
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4.10 Prediction of Specific Energy

A multiple linear regression model was developed for considering 30 mm depth of
drilling time after penetration of drill bit into the rock mass as given by Eq. (4.14) to
Eq. (4.20). To evaluate the model, analysis of variance was performed to observe the
essential parameters carried out in the statistical model for SE with significance of
95% confidence interval. Influence of the parametric level of the SE was compared,
using analysis of variance (ANOVA) with Minitab 2017. Where the p-values are
equal or smaller than 0.005, they were considered to be statistically significant;
corresponding data are noted down as shown in the regression Table 4.B1(statistical
analysis of significant regression models for various rocks) to Table 4.B2 (results of

ANOVA for various rocks) as shown in Appendix-B.

4.10.1 Modeling of specific energy using multiple linear regression analysis

Regression equation for ochre:

Specific energy (Nm/m®) = 11.20 - 0.8190 DD - 0.00077 SS - 0.042 PR + 0.1175 A-
SPL + 0.01421 Thrust - 2.45 Torque (4.14)

Contribution percentage (%): DD = 54.05 %, SS = 5.90 %, PR= 5.65 %, A-SPL =
3.57 %, Thrust = 18.72 %, Torque = 1.15 %, Error = 9.96 %

Where, DD = diameter of the drill bit (mm), SS = spindle speed (rpm), PR =
penetration rate (mm/min), A-SPL = A-weighted sound level (dB).

Regression equation for coal:

Specific energy (Nm/m®) = 5.60 - 0.4309 DD + 0.00849 SS + 0.129 PR - 0.0087 A-
SPL +0.01735 Thrust - 0.433 Torque (4.15)

Contribution percentage (%): DD = 50.82 %, SS = 4.00 %, PR = 10.72 %, A-SPL =
7.25 %, Thrust = 13.44 %, Torque = 5.77 %, Error = 8.00 %

Regression equation for laterite:

Specific energy (Nm/m®) = 13.82 - 0.5057 DD + 0.00607 SS - 0.240 PR - 0.1127 A-
SPL + 0.01599 Thrust + 0.640 Torque (4.16)
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Contribution percentage (%): DD = 44.68%, SS = 6.72 %, PR = 5.60 %, A-SPL =
15.91 %, Thrust= 9.02 %, Torque = 4.06 %, Error = 14.01 %

Regression equation for pink limestone:

Specific energy (Nm/m®) = 22.91 - 1.523 DD - 0.00480 SS + 0.585 PR - 0.0139 A-
SPL + 0.01305 Thrust - 0.228 Torque (4.17)

Contribution percentage (%): DD = 66.68 %, SS = 0.72 %, PR = 5.60 %, A-SPL =
5.00 %, Thrust = 9.02 %, Torque =2.07 %, Error=10.91 %

Regression equation for black limestone:

Specific energy (Nm/m®) = 14.84 - 1.030 DD + 0.00452 SS - 2.650 PR - 0.00060 A-
SPL + 0.02991 Thrust + 0.040 Torque (4.18)

Contribution percentage (%): DD =66.68 %, SS = 0.72 %, PR = 5.60 %, A-SPL =
5.00 %, Thrust = 9.02 %, Torque = 2.07 %, Error = 10.91 %

Regression equation for hematite:

Specific energy (Nm/m®) = 25.01 - 1.7078 DD - 0.00423 S + 0.254 PR + 0.0151 A-
SPL + 0.00842 Thrust + 0.158 Torque (4.19)

Contribution percentage (%): DD = 58.00 %, SS =7.40 %, PR = 5.60 %, A-SPL =
12.90 %, Thrust = 9.02 %, Torque =2.07 %, Error=5.01 %

Regression equation for dolomite:

Specific energy (Nm/m®) = 26.16 - 1.578 DD - 0.00756 SS - 1.086 PR - 0.00068 A-
SPL + 0.01578 Thrust + 0.132 Torque (4.20)

Contribution percentage (%): DD = 66.68 %, SS =0.72 %, PR = 5.60 %, A-SPL =
5.00 %, Thrust = 9.02 %, Torque =2.07 %, Error = 10.91 %

4.10.2 Analysis of variance (ANOVA)

Regression analysis was carried out to obtain SE predictive models during diamond
core drilling operations. This test helps to find out which input parameters
considerably affect the desired output response in the model. ANOVA is the most

popular analysis tool for studying the significant parameters that influence the quality
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characteristics and identify the percentage contribution ratio of each process factors
on output response. After performing the experimental analysis of the obtained data
presented in Table 4.B2 (Appendix-B) was executed, whereas P-value was
significantly good being less than 0.005.

4.10.3 Performance prediction of derived models

The prediction of performance is a better indicator for the developed prediction model
to assess the coefficient of correlations between predicted and measured results.
Values account for (VAF) and root mean square error (RMSE) were calculated for the
predictive ability of the prediction models, whereas y and y*, A; and P; are the
measured and predicted values are as shown in the Equation (4.21) to Equation (4.23).
If VAF is equal to 100 and RMSE is equal to zero, then the model will be good.
Similarly mean absolute percentage error (MAPE) shows that accuracy fits value in
the statistics (Kumar et al. 2011; Alvarez and Babuska, 1999; Finol et al. 2001,
Gokceoglu, 2002; Yilmaz and Yuksek, 2008, 2009; Yilmaz and Oguzkaynar, 2011).
The performance indices of the developed regression model are as shown in Table
4.3.

VAF = [1 - 5222 x 100 (4.21)
— l n __AayN\2
RMSE _\/N DENCESD) (4.22)
1 Ai—Pi
MAPE == 9’=1| = | x 100 (4.23)

Table 4.3 Performance indices of the developed regression models

Rock type Performance indices
RMSE VAF (%) MAPE
Ochre 0.074411 72.826808 2.321007
Bituminous coal 0.137019 78.4179 1.302107
Laterite 0.205786 84.155813 3.075358
Pink limestone 0.578601 82.770851 0.061218
Black limestone 0.194082 78.7624 0.330962
Hematite 0.263618 78.0514 0.109818
Dolomite 0.251525 77.246 0.206723
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4.10.4 Validation of the specific energy models

The predictive models were verified by considering the behaviour of determination
coefficients (R?), the t-test and the F-test and performance prediction of VAF, RMSE
and MAPE. The validation results demonstrate that, at the 95% confidence level, the
computed t-values and computed F-values are greater than the tabulated t-value (2.44)
and tabulated F-value (2.19), suggesting that the developed models are statistically
valid. The figures (Figure 4.13 to Figure 4.19) indicate that the error appears to be at
an acceptable degree of accuracy around below 18% from predicted value, confirming

the accuracy of the models.
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Figure 4.13: Specific energy error graph for ochre
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Figure 4.14: Specific energy error graph for coal
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Figure 4.15: Specific energy error graph for laterite
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Figure 4.16: Specific energy error graph for pink limestone
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Figure 4.17: Specific energy error graph for black limestone
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Figure 4.18: Specific energy error graph for hematite
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Figure 4.19: Specific energy error graph for dolomite
4.10.5 Effect of physico-mechanical rock properties on specific energy
The relationships between physico-mechanical properties and SE were investigated

on the basis of the statistical approach, such as exponential approach and the best
relations established are represented in Figure 4.20a to 4.20e and presented in Table
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4.4 which indicates that there exist strong correlations between SE and rock
properties, except density. It may generally be possible to obtain higher SE values
when drilling in the high density hard rocks; due to this reason there may appear
moderate correlations between SE and density (Delgado et al. 2005; Xie and Tamaki,
2007). The developed models having R® value for all models are around 0.90 %
except density, indicating a high degree of relationship between the physico-
mechanical properties of rocks and SE. From Figure 4.20a to 4.20e it is observed that
the SE increased with increasing UCS, BTS, dry density, and impact strength index
(Reddish and Yasar 1996; Coupur et al. 2001; Balci et al. 2014; Tiryaki et al. 2006),
whereas, SE decreased with increasing abrasivity (Engin et al. 2013). The
experimental 125 test conditions results of thrust, torque and A-SPL, for various
(ochre, bituminous coal, laterite, pink limestone, black limestone, hematite, and

dolomite) rock samples as shown Table 4.B5 to Table 4.B11 in the Appendix-B.

Table 4.4 Correlations between specific energy and physico-mechanical properties

Physico- mechanical rock Regression equation R? - value
properties

UCS SE = 12.2e"7% R2=92.25
BTS SE = 0.7307e" %% R2=90.99
Density SE = 2.0467e"%% R2=47.15
Abrasivity SE = 87.665e "% R2 = 93.90
Impact strength index SE =52.91e% %% R2=182.88
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Figure 4.20a: Relationship between uniaxial compressive strength to specific energy
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Figure 4.20b Relationship between Brazilian tensile strength to specific energy
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Figure 4.20c: Relationship between density to specific energy
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Figure 4.20d: Relationship between abrasivity to specific energy
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CHAPTER-5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The following are the conclusions drawn from this research work:

1

In relation of operating variables, it was observed that specific energy
decreased from 30.381 Nm/m® to 1.024 Nm/m® with increasing drill bit
diameter, penetration rate and drill bit speed. Similarly, in relation of A-
weighted SPL to operating variables it was observed that, A-weighted SPL
increased from 71.36 dB to 142.724 dB with increasing drill bit diameter,
penetration rate and drill bit speed. The trend of A-weight SPL with the
compressive strength is inconsistent which might be due to influences of other
rock properties such as abrasivity, mineralogical compositions or petrographic
features.

Thrust and A-weighted sound pressure level increases from 109.23 N to
1001.96 N, 71 dB to 142 dB with an increase in the drill bit diameter, spindle
speed, and penetration rate while drilling various rock samples. This may be
due to the normal and tangential forces which maintain bit-rock contact
frictional forces between diamond drill bit and rock sample. An increase in the
drill bit diameter led to increase the thrust forces during diamond drilling
operations.

Torque and A-weighted sound pressure level increased from 2 Nm to 11.88
Nm, 71 dB to 142 dB with an increase in the drill bit diameter, spindle speed,
and penetration rate while drilling various rock samples. This may be due to
the significant increase in the uniaxial compressive strength of rocks (hardness
of the rock). The rock hardness is characterized by a high torque values for
hard rock, and also observed that, low torque values for in the soft rocks.
A-weighted sound pressure level increased corresponding to the rock
properties such as UCS, BTS, density, and impact strength index. Higher A-
weighted sound pressure level may generally be obtained when drilling in hard

rocks having higher UCS and density, which may increase A-weighted sound
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pressure level. A-weighted sound pressure level decreased with increasing the
abrasivity. It may be the possible the percentage wear loss were observed in
the rock samples.

Simple linear regression model was developed between the rock properties
and the sound pressure levels (SPL) measured during diamond drilling. The
prediction results show that the developed statistical model prediction has a
coefficient of determination (R*- value) of 85.5% to 95% with an error from
1.52 % to 10.37 %.

Multiple regression models were developed between the rock properties and
the sound pressure levels measured during diamond drilling. The prediction
results show that the developed statistical model has moderate coefficients of
determination i.e. R% value of 78.41% to 93.20%, the RMSE value was
around zero and the VAF value of 78.41% to 93.23%.

The multi-layer perceptron (ANN) network was trained using seven types of
back-propagation training algorithms i.e. trainscg, traingda, trainrp, traingdx,
trainlm, trainbfg, traincgf. Their performances were compared in terms of
VAF, RMSE and MAPE values. Trainrp (resilient back-propagation
algorithm) showed better performance than all other algorithms in the
prediction of the rock properties.

A comparison of simple linear, multiple regression models and MLP model
using “trinrp” algorithm revealed that, simple linear regression, MLP model
gave better performance than multiple regression technique with lower MAPE
and RMSE values and higher prediction accuracy (VAF value) for all the
prediction variables.

Multiple linear regression models were developed between the rock properties
and specific energy using A-weighted equivalent sound level obtained during
diamond drilling. The prediction results show that the developed statistical
model has moderate coefficients of determination i.e. R?- value of 75.58% to
78.76%, the RMSE value was around zero and the VAF value of 72.82% to
84.15%. It was also observed that specific energy increased with increasing
UCS, BTS, dry density, and impact strength index, whereas the specific
energy decreased with the increase of abrasivity.
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5.2 Recommendations for Further Research

1.

In the present work, prediction of the rock properties using frequency analysis
technique was used in the diamond drilling operation. It is suggested that the
future investigation could be carried out using wavelet techniques for
quantification of rock properties.

In this investigation, the effect of mineralogical composition in rocks on specific
energy and noise levels are not reported. It is suggested that further investigation
can be carried out in this direction (mineralogical percentage/thin section
analysis).

In the present work, rock properties and specific energy were predicted using
sound pressure levels generated during diamond drilling operations. The same
technique can be implemented to predict multiple fracture propagation in rocks,
shear strength of rock.

This investigation was completely based on laboratory investigations. The same
investigation can be conducted at the mining site for estimation of rock properties
using dominant frequencies.

In field or at drilling site, the drill bit generally goes deeper from the surface,
make it difficult to acquire sound pressure levels. To overcome this difficulty,
specially designed core drill bits that can be possibly allow to insert
microphone/sensors in the core drill bits for acquiring the sound pressure levels.
The structure of rocks was not considered in the present research work for
measuring noise level/sound levels. It is suggested that further investigation can
be carried out in this direction.

The texture, structure, size of minerals grains, and bonding between various
minerals grains present in the rock will have influence on physico — mechanical
properties of rock and hence on sound pressure levels. The same problem is
suggested for future investigation.

The presence of silicate will have influence on sound pressure level. It is

suggested that further investigation can be carried out in this direction.
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APPENDIX-A

Table 4.Al: A-weighted sound pressure level of ochre, bituminous coal, laterite, pink

limestone, black limestone, hematite, and dolomite for different drill bit diameter

A-weighted sound pressure level (dB)

Drill bit Ochre Bituminous Laterite | Pink Black Hematite | Dolomite
diameter coal limestone | limestone
(mm)
6 75.548 75.036 81.120 | 77.544 73.972 82.008 | 82.864
10 77.20 78.372 83.884 | 77.736 77.768 84.68 |86.08
16 79.088 79.552 86.452 | 83.964 111.908 85.824 | 116.43
18 84.188 82.108 87.256 | 90.868 116.028 89.008 | 1245
20 85.648 86.524 89.608 | 94.212 117.712 | 107.572 | 135.908

Table 4.A2: A-weighted sound pressure level of ochre, bituminous coal, laterite, pink

limestone, black limestone, hematite, and dolomite for different penetration rate

A-weighted sound pressure level (dB)
Penetration rate | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(mm/min) coal limestone | limestone

2 71.336 75.972 81.148 80.004 81.412 88.996 87.204
3 73.764 77.552 84.184 84.496 86.632 89.46 88.8
4 74.896 79.888 84.336 86.808 107.956 90.896 91.368
5 76.68 81.564 85.24 89.948 114.052 92.672 125.564
6 79.996 83.616 87.292 85.068 113.336 101.968 | 132.548

Table 4.A3: A-weighted sound pressure level of ochre, bituminous coal, laterite, pink

limestone, black limestone, hematite, and dolomite for different drill bit speed

A-weighted sound pressure level (dB)
Drill bit speed | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(rpm) coal limestone | limestone
150 71.888 |  71.36 70204 | 79.496 | 109.936 | 85512 |88.984
200 73.932 72.8 80.64 | 83.452 | 112.376 | 89.932 |89.432
250 74.404 75.996 82.812 | 84.228 121.332 97.084 |120.212
300 74.924 78.688 85.256 | 86.912 122.44 100.564 | 126.132
350 79.924 81.748 87.288 | 93.236 131.304 | 123.910 |142.724
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Table 4.A4: Specific energy of ochre, bituminous coal, laterite, pink limestone, black
limestone, hematite, and dolomite for different drill bit diameter

Specific energy (Nm/m®)
Drill bit Ochre | Bituminous | Laterite Pink Black Hematite | Dolomite
diameter (mm) coal limestone limestone
6 10.527 10.360 12.043 28.229 30.213 29.354 30.381
10 7.1281 9.543 8.137 18.572 18.042 13.490 17.829
16 5.251 7.112 5.636 12.785 12.826 12.838 13.061
18 3.199 5.886 4.680 9.662 6.040 8.853 12.452
20 1.672 2.540 2.289 4.732 3.273 3.115 5.931

Table 4.A5: Specific energy of ochre, bituminous coal, laterite, pink limestone, black

limestone, hematite, and dolomite for different penetration rate

Specific energy (Nm/m°)
Penetration rate | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(mm/min) coal limestone | limestone
2 6.929 9.084 15.864 | 21.174 19.296 15.594 25.076
3 4.703 7.029 12.677 | 16.431 11.376 13.465 18.644
4 3.614 5.434 7.595 11.692 8.675 10.314 13.200
5 2.029 2.819 5.562 8.128 5.063 8.284 8.729
6 1.502 2.075 4.088 6.554 3.984 7.993 5.006

Table 4.A6: Specific energy of ochre, bituminous coal, laterite, pink limestone, black

limestone, hematite, and dolomite for different drill bit speed

Specific energy (Nm/m°)
Drill bit speed | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(rpm) coal limestone | limestone
150 6.859 8.187 14.001 | 17.476 10.256 12.456 | 16.417
200 4.472 7.227 11.677 | 10.364 9.261 11.008 | 11.155
250 3.300 6.532 9.562 0.187 8.293 10.044 9.271
300 2.123 3.228 9.595 8.157 8.428 9.998 9.459
350 1.024 2.267 5.088 7.796 8.156 7.145 9.353
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Table 4.A7: Thrust for different drill bit diameters while drilling ochre, bituminous coal,

laterite, pink limestone, black limestone, hematite, and dolomite samples

Thrust (N)
Drill bit Ochre Bituminous | Laterite | Pink Black Hematite | Dolomite
diameter coal limestone | limestone
(mm)
6 213.64 173.92 340.52 | 528.16 514.24 629.96 729
10 305.68 218.32 464.56 | 673.24 601.6 702.44 754.92
16 401.68 323.64 494.24 710 768.36 871.84 | 815.56
18 455.28 355.52 585.52 | 757.48 799.12 926.16 824.12
20 511.36 573.84 | 631.48 | 804.2 950.16 | 994.52 | 906.88
Table 4.A8: Thrust for different penetration rates while drilling ochre, bituminous coal,
laterite, pink limestone, black limestone, hematite, and dolomite samples
Thrust (N)
Penetration rate | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(mm/min) coal limestone | limestone
2 237.61 191.68 313.84 | 568.92 213.2 485.24 320.2
3 286.24 221.28 372.64 | 674.88 381.12 694.4 569.6
4 329.92 251.32 432.26 | 758.04 569.92 767.6 640.08
5 406.64 343.28 570.24 | 793.72 753.08 827.12 792.88
6 499.24 587.68 677.24 | 897.52 1001.96 940.56 897.72

Table 4.A9: Thrust for different drill bit speeds while drilling ochre, bituminous coal, laterite,

pink limestone, black limestone, hematite, and dolomite samples

Thrust (N)
Drill bit speed | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(rpm) coal limestone | limestone
150 109.23 | 264.16 3522 | 511.96 666.4 74424 | 568.4
200 216.04 | 364.16 380.76 | 612.96 699.4 818.28 | 794.88
250 293.04 558.92 399.32 | 691.96 755.12 844.96 892.44
300 532.64 | 603.72 462.72 | 898.52 863.8 887.2 917.64
350 589.92 | 794.32 781.32 | 997.68 970.76 992.2 947.12
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Table 4.A10: Torque for different drill bit diameters of ochre, bituminous coal, laterite, pink

limestone, black limestone, hematite, and dolomite samples

Torque (Nm)
Drill bit Ochre Bituminou | Laterite | Pink Black Hematite | Dolomite
diameter S limestone | limestone
(mm) coal
6 2 3.6 3.6 3.72 412 6.92 7.64
10 3 4.8 4.24 5.8 5.2 7.64 7.99
16 4 5.8 4.88 5.98 6.92 8.04 8.92
18 4.5 6 452 6.64 7.96 8.68 9.4
20 5 7.2 6.84 7.2 8.88 9.96 9.72

Table 4.A11: Torque for different penetration rates while drilling ochre, bituminous coal,

laterite, pink limestone, black limestone, hematite, and dolomite samples

Torque (Nm)
Penetration rate | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(mm/min) coal limestone | limestone
2 3.04 472 3.84 472 3.2 7.2 4.96
3 4.01 5 4.72 5.08 456 7.6 5.72
4 4.44 5.9 6.64 6.84 5.56 8.2 6.52
5 5.04 6.2 7.04 7.52 6.92 8.8 8.28
6 6.19 7.02 7.84 8.68 7.44 9.36 9.6

Table 4.A12: Torque for different drill bit speeds while drilling of ochre, bituminous coal,

laterite, pink limestone, black limestone, hematite, and dolomite samples

Torque (Nm)
Drill bit speed | Ochre | Bituminous | Laterite | Pink Black Hematite | Dolomite
(rpm) coal limestone | limestone
150 2.6 452 2.12 5.52 5 4.23 512
200 3.4 5.52 2.78 6.76 6.96 6.04 5.96
250 3.9 5.92 4.92 6.94 7.8 6.36 7.84
300 4.4 6.48 5.96 8.18 9.52 7.08 8.28
350 6.4 6.95 6.8 8.57 10.4 9.76 11.88
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Table 4.A17: Predicted values, measured values, and model error from the prediction model

for uniaxial compressive strength (ten rock samples for validation)

Sl.no Rock sample name UCS (MPa)* Predicted UCS (MPa) Error %
1 Marble 24.52 24.526 0.0244
2 Moon white granite 28.83 28.846 0.0555
3 Basalt 54.13 54.166 0.0665
4 Black galaxy granite 56.977 56.108 1.5251
5 Granite grey 46.23 44.246 4.2915
6 Felsite mysore 47.60 42.626 10.4984
7 Syenite 48.1 44.106 8.3035
8 Diorite porphyry 57.9 50.946 12.0103
9 Granite karnataka 77.9 65.926 15.3709
10 Gabbro madduru 102.6 100.646 1.9044

* The data on UCS presented in Table 4.A17 have been taken from Kalyan et al., (2016) &
Masood (2015) for the purpose of model validation.

Table 4.A18: Predicted values, measured values, and model error from the prediction model

for Brazilian tensile strength (ten rock samples for validation)

Sl.no Rock sample name BTS (MPa)* Predicted BTS (MPa) Error %
1 Marble 2.58 2.583 0.2325
2 Moon white granite 2.98 2.983 0.1006
3 Basalt 5.58 5.583 0.0537
4 Black galaxy granite 5.831 5.236 10.2040
5 Granite grey 5.23 5.101 2.4856
6 Felsite mysore 5.60 5.603 0.0535
7 Syenite 5.95 5.651 5.0252
8 Diorite porphyry 6.95 6.351 8.6187
9 Granite karnataka 9.30 9.204 1.0322
10 Gabbro madduru 12.3 11.303 8.1056

* The data on Brazilian tensile strength presented in Table 4.A18 have been taken from
Kalyan et al., (2016) & Masood (2015) for the purpose of model validation.
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Table 4.A19: Predicted values, measured values, and model error from the prediction model

for density (ten rock samples for validation)

Sl.no Rock sample name Density (gm/cm®)* | Predicted density (gm/cm®) Error %
1 Marble 2.59 2.59 0.0000
2 Moon white granite 2.64 2.64 0.0000
3 Basalt 2.85 2.85 0.0000
4 Marble(kulahya 2.67 2.64 1.1235

yesili)
5 Marble (afyon sekeri) 2.62 2.80 6.8702
6 Serpentinite 2.73 2.63 3.6630
7 Amphibole schist 2.69 2.30 14.4981
8 Quiartzitc 2.72 2.70 0.7353
9 Micaschist 2.75 2.69 3.6363
10 Travertine (limra) 2.35 2.01 14.4680

* Table 4.A19 data on density have been taken from Kahraman et al., (2013) & Kalyan et al.,
(2016) for the purpose of validation of the developed model
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Table 4.A29: Experimental results of 125 dominant frequencies (Hz) for each rock sample

Test Drill bit Penetration | Drill bit Ochre Bituminous | Laterite Pink Black | Ironstone | Dolomite
conditions | diameter rate Speed Coal limestone | limestone
(mm) (mm/min) (rpm)
1 6 2 150 5047 7360 6238 8000 5127 7313 7911
2 6 2 200 6024 8000 6000 7500 8000 7845 5401
3 6 2 250 5024 6520 6258 7412 6347 7680 5874
4 6 2 300 7014 7251 6741 8000 7541 7845 7004
5 6 2 350 5092 7529 6852 5214 7935 7999 6458
6 6 3 150 6000 5241 7000 6894 6012 7890 5252
7 6 3 200 5791 7899 5012 7553 5154 6201 7000
8 6 3 250 8000 6894 7285 5213 7899 7589 7676
9 6 3 300 7922 7836 7341 5000 6000 7845 8000
10 6 3 350 7500 7856 7417 6471 7985 7001 5250
11 6 4 150 8000 8000 7108 8000 5246 7685 7714
12 6 4 200 7771 5478 8000 5445 6999 7000 7685
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13 6 250 5214 6998 7561 7456 5892 6993 7000
14 6 300 6999 6548 8001 7534 6007 8000 7891
15 6 350 8000 7993 7985 7641 7262 6457 7245
16 6 150 6247 7854 8000 7648 7856 7000 7658
17 6 200 5693 7841 7532 8000 7977 7498 7999
18 6 250 7958 5001 7214 7412 8000 7741 5879
19 6 300 8000 6641 8000 8000 5213 7769 6457
20 6 350 7142 8642 8001 5798 7845 8000 5281
21 6 150 5190 5731 5169 6000 5213 6589 6447
22 6 200 5999 6521 5214 7417 7008 7894 8001
23 6 250 5097 7854 5000 7888 7104 7733 7451
24 6 300 5896 5411 5891 8001 5998 8000 7481
25 6 350 7982 8000 5899 7885 5276 7450 8000
26 10 150 8000 8000 5201 7905 5782 6793 7704
27 10 200 7862 6987 8000 6451 5841 6000 4751
28 10 250 6807 8000 6208 6001 6089 6854 6652
29 10 300 7891 7541 6985 5214 6974 5689 8002
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30 10 350 5240 7629 5525 7789 7943 6735 6975
31 10 150 7856 6471 8000 6008 7048 6214 8000
32 10 200 8000 5412 6259 6471 6998 5648 5481
33 10 250 7894 7814 6009 7401 6854 7474 5278
34 10 300 8000 7992 6785 5158 5047 5234 5894
35 10 350 6899 5689 6456 6320 7852 5000 8000
36 10 150 5446 5155 7031 7000 6689 7458 5417
37 10 200 8000 7451 7008 7412 8000 5234 6000
38 10 250 8000 6560 7496 7652 7548 7000 7412
39 10 300 7900 8000 8000 7810 8000 7897 7869
40 10 350 5408 6014 5689 7691 5214 5200 7568
41 10 150 6897 6475 6841 7891 7994 5940 7914
42 10 200 5286 5412 6001 7941 6568 6000 7365
43 10 250 8001 8974 8007 8001 6389 5412 7856
44 10 300 5031 7986 5687 6990 5133 6692 6874
45 10 350 6589 5641 6003 8000 8000 8000 8000
46 10 150 8000 6531 6999 7121 7854 5285 6987

109




47 10 200 7894 7894 7074 7235 5489 5867 7000
48 10 250 5442 7891 8000 7452 5989 7000 7104
49 10 300 7214 6457 6741 7861 6000 7984 7689
50 10 350 8000 6812 7187 6002 7977 7614 7467
51 16 150 6899 5481 5257 5474 5899 5006 7900
52 16 200 7086 8546 5332 6000 8000 7689 7842
53 16 250 7952 8000 5623 5789 7451 7771 7800
54 16 300 8000 7541 5404 6014 7823 8000 6987
55 16 350 8000 5017 5051 6741 6458 7568 6589
56 16 150 6948 6587 8000 6589 6004 7999 6325
57 16 200 7856 8000 5813 6984 8000 7025 6985
58 16 250 6852 6891 5974 7000 6241 7001 6999
59 16 300 7992 5142 5009 7456 5182 6541 7458
60 16 350 8005 8012 5278 8000 8000 6741 7986
61 16 150 7899 5004 5382 6201 6503 8000 7327
62 16 200 5269 7412 6007 5641 7856 7892 7958
63 16 250 6589 7059 6102 5894 6247 6845 7800
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64 16 300 7009 7999 8000 5987 8000 8000 8000
65 16 350 8000 5033 5014 5999 8001 7965 6589
66 16 150 8001 6548 8000 6000 7923 7999 8001
67 16 200 7896 6888 5137 6741 6748 7356 6510
68 16 250 7021 7415 6897 6589 6999 7769 5001
69 16 300 5016 5430 5700 6475 7548 7665 6897
70 16 350 7693 6851 7845 6859 7654 7412 6000
71 16 150 7864 5147 6997 6999 7931 5983 5268
72 16 200 7894 8000 7986 7478 6992 5007 5000
73 16 250 8000 8214 5056 8000 6097 6928 6974
74 16 300 7999 8000 7771 5471 6000 6348 5000
75 16 350 5009 5144 5023 5497 5496 7009 5864
76 18 150 8000 5142 5186 6485 5007 5128 5870
77 18 200 5698 5647 7496 5684 8000 5012 5010
78 18 250 6891 6584 5065 7814 7897 6598 5478
79 18 300 5645 7814 8000 8201 5689 6002 8000
80 18 350 5000 5632 7921 6580 7855 6354 6570
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81 18 150 7894 6582 7354 8009 6999 5031 6915
82 18 200 8000 5892 5053 6254 5623 6573 6748
83 18 250 6258 6354 7962 8001 6349 5209 6352
84 18 300 5024 5253 6090 7881 6798 5312 5684
85 18 350 7999 7414 7847 5641 5289 5796 5989
86 18 150 7589 5096 5641 7458 6788 5647 6000
87 18 200 5296 7896 5647 8560 7096 5858 6589
88 18 250 5649 5869 5131 8000 7900 5974 5601
89 18 300 7859 8000 5789 7451 8000 5674 5748
90 18 350 8000 5265 7898 7548 6201 6231 8000
91 18 150 6895 6987 8000 7992 6784 8000 5874
92 18 200 8000 8000 5163 8000 5556 7149 8000
93 18 250 7771 5899 5647 6547 8000 8000 5847
94 18 300 5202 5058 5060 7012 6899 5947 6947
95 18 350 6989 8000 5200 7999 7585 8000 5472
96 18 150 5255 5085 5002 5069 7931 6778 6514
97 18 200 7895 7899 5874 6301 6428 7008 6871
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98 18 250 7458 8000 5050 6000 5789 7587 6412
99 18 300 8000 6008 5389 6197 5647 7566 8000
100 18 350 6997 5139 5104 6783 5142 7441 6893
101 20 150 8000 5341 7106 6314 5082 5040 6898
102 20 200 5269 6958 7000 7412 7412 5104 8000
103 20 250 5826 5994 6999 7631 6932 6289 7845
104 20 300 6845 8524 8000 7014 7124 5794 8000
105 20 350 7175 7200 6826 5418 5124 5014 5647
106 20 150 7000 5264 8000 8001 6000 6060 8000
107 20 200 6999 6891 6911 6521 5834 5121 6588
108 20 250 8001 5233 7000 6978 5667 6000 7450
109 20 300 7122 5833 6777 5555 7946 6589 6695
110 20 350 7849 7000 6948 6147 8000 6001 6541
111 20 150 8000 5516 6944 8000 5696 7000 8000
112 20 200 6524 7589 7000 4321 6890 8520 7450
113 20 250 5248 6999 6604 6589 6589 7442 6989
114 20 300 5896 7414 8001 5820 7899 7410 5898
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115 20 350 7170 7796 6623 7410 8000 8000 7004
116 20 150 6000 5246 5117 6004 6977 7532 7878
117 20 200 6478 6845 6675 8001 5989 7854 7965
118 20 250 8000 6852 7321 5628 5748 7698 5681
119 20 300 7415 5781 6581 8521 6589 5705 5555
120 20 350 6475 6999 7648 8001 8000 8000 6235
121 20 150 7047 5361 5174 5646 7845 6740 7415
122 20 200 8000 7895 6765 8741 5801 5246 6000
123 20 250 5781 8000 5702 8000 7452 8000 5014
124 20 300 8000 7584 7999 6547 8000 7869 6021
125 20 350 7274 5109 6760 5049 5106 7546 6416
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Table 4.A30: Statistical analysis of significant regression models for various rocks

Coefficient | Standar t- |Tabulate |F-value | Tabulate | Regression Adjusted
Model Variable derror | value |dt-value d F- ratio | coefficient coefficient
(%) (%)
Constant -10.5 33.5 -0.31 | £1.962 | 682.00 2.11 82.50 82.38
Drill bit diameter(DD) -13.035 0.881 | -14.79
Spindle speed (RPM) -0.0377 0.0558 | -1.97
Frequency (FR) 0.02758 | 0.00945 | 2.92
EQ.4.7 [(Drill bit diameter(DD))? 0.7698 0.0337 | 22.82
(Spindle speed (RPM))* -0.000002 | 0.00000 | -3.23
1
Spindle speed (RPM) X Frequency 0.000006 | 0.00000 | 1.97
(FR) 8
Constant 0.58 2.33 0.25 | +1.962 | 525.44 2.11 78.41 78.26
Drill bit diameter(DD) -1.1561 0.0614 | -18.82
Spindle speed (RPM) -0.00278 | 0.00389 | -2.72
Eq4.8 Frequency (FR) 0.001899 0.0%065 2.88
(Drill bit diameter(DD))? 0.06017 | 0.00235 | 25.58
Frequency (FR )X Frequency (FR) 0.000001 | 0.00001 | -3.20
Spindle speed (RPM) X Frequency 0.000003 | 0.00000 | 2.75
(FR) 1
Constant 2.915 0.792 3.68 | +£1.962 | 207.41 2.02 79.60 79.40
Drill bit diameter(DD) -0.2413 0.0268 | -9.00
Spindle speed (RPM) -0.00127 | 0.00214 | -2.02
Frequency (FR) 0.000219 | 0.00021 | 2.02
Eq.4.9 4
(Drill bit diameter(DD))? 0.011513 | 0.00075 | 15.30
3
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Frequency (FR )X Frequency (FR) -0.000001 | 0.00000 | -2.74
1
Drill bit diameter(DD)X Frequency 0.000005 | 0.00000 | 2.87
(FR) 3
Spindle speed (RPM) X Frequency 0.000001 | 0.00000 | 2.06
(FR) 1
Constant 112.6 10.3 10.89 | £1.962 |2998.0 2.38 93.24 93.20
3
Drill bit diameter (DD) -4.651 0.252 | -18.44
Eq Frequency (FR) -0.00527 | 0.00301 | -2.75
4.10 | Frequency (FR )X Frequency (FR) 0.000001 | 0.00000 | 2.47
1
Drill bit diameter(DD)X Frequency 0.000088 | 0.00003 | 2.42
(FR) 6
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Table 4.A34: Performance indices of the developed neural network modal

UCS (MPa) BTS (MPa) Density (g Abrasivity (%)
Training fem®)
algorithm
Training VAF 8273011919 | 80.238933984 | 81.11070661 99.95644366
data RMSE 7.806433051 | 4.027396127 | 7.000104859 1.036522898
traingda MAPE 219407125 | 1.099440651 | 4.012350518 5.000414938
Testing data VAF 55.18285446 | 94.45273769 | 86.6234868 95.751775557
RMSE 1.997041275 | 0.191729451 | 3.001608684 5.041979844
MAPE 8.112505711 | 3.167915252 | 1.040449494 9.049022669
Training VAF 83.5068 81.7399 83.3423 82.1114
data RMSE 12.823917103 | 1.028272378 | 6.510811943 0.813435796
traingdx MAPE 4.21538223 8.148332275 | 10.026517719 1.050031676
Testing data VAF 87.0976 96.3555 57.4421 89.0522
RMSE 3.020769165 | 0.148808037 18.00012 10.02487075
MAPE 4.000634637 | 2.101155805 | 22.004793462 5.025599418
Training VAF 99.88889755 | 97.68637706 | 99.81301744 99.87040879
data RMSE 0.028310352 | 1.000170242 | 0.00013771 1.000840687
trainrp MAPE 3.00774799 | 0.000674671 | 1.003452443 1.001654485
Testing data VAF 06.86481391 | 99.99156503 | 96.57112216 99.81102796
RMSE 0.008283036 | 0.000813739 | 1.000000901 0.000483
MAPE 1.00063162 | 1.001236596 | 0.00181521 2.000732
Training VAF 76.238499 71.7399 83.3423 79.1114
data RMSE 4702801045 | 13.050046146 | 10.000289569 4.813435796
. MAPE 3217000299 | 1.246549631 | 12.017704183 6.050031676
Trainegt = ing data VAF 7717056667 | 72.06015487 | 83.92502657 89.0522
RMSE 3.0207812 | 0.018594398 | 0.002048956 0.02487075
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MAPE 0.230339687 | 0.028256917 | 0.0050759 0.025599418
Training VAF 86.02089842 | 54.79274421 | 86.37983456 93.40571249
data RMSE 0.802043697 | 9.1869805 | 1.000103344 0.084261834
MAPE 1.02677 13.003504 0.01726592 0.016563846
raintm Testing data VAF 58.30283447 | 9563181537 | 71.2401145 34.13616985
RMSE 17.997041275 | 0.001616904 | 3.001874088 12.000967
MAPE 13112505711 | 1.002457123 | 7.038525868 | 17.001605784
Training VAF 3352369816 | 31.05047235 | 45.93808119 93.40571249
data RMSE 11.913672065 | 4.064632733 | 2.000103344 6.084261834
. MAPE 11.02677 13.003504 | 14.01726592 | 11.016563846
Trainbfg e cing data VAF 58.30283447 | 9563181537 | 71.2401145 34.13616985
RMSE 1.997041275 | 7.001616904 | 2.001874088 1.000967
MAPE 14112505711 | 0.002457123 | 5.038525868 | 21.001605784
Training VAF 7923024131 | 50.19366184 | 45.93808119 50.2449819
data RMSE 3.097830767 | 0.000413505 | 5.000103344 0.084767563
. MAPE 1.026774369 | 3.003503965 | 1.01726592 12.028289112
Trainseg  recting data VAF 56.91087517 | 80.10522611 | 71.2401145 69.66136819
RMSE 1.997041275 | 3.028186518 | 7.001874088 9.000967
MAPE 12112505711 | 1.042833552 | 14.038525868 | 10.025323349
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APPENDIX-B

Table 4.B1: Statistical analysis of significant regression models for various rocks

Coefficient | Standard | t-value |Tabulated | F-value |Tabulated | Regression Adjusted
Rock Independent variable error t-value F-ratio | coefficient coefficient
type (%) (%)
Constant 11.20 7.58 1.48 2.447 66.03 2.19
Drill bit diameter(DD) -0.8190 0.0951 | -8.61 2.447 74.11 2.19
Spindle speed (SS) -0.00077 | 0.00317 | -2.24 2.447 3.06 2.19
Penetration rate (PR) -0.042 0.149 -2.28 2.447 3.08 2.19
Ochre | A-weighted sound pressure level 0.1175 0.0596 | 1.97 2.447 3.89 2.19 77.05 % 75.88 %
(dB)
Thrust (N) 0.01421 0.00150 | 9.46 2.447 89.46 2.19
Torque (Nm) -2.45 1.01 243 | 2.447 5.94 2.19
Constant 5.60 2.32 2.41 2.447 71.46 2.19
Drill bit diameter(DD) -0.4309 0.0480 | -8.98 2.447 80.67 2.19
Spindle speed (SS) 0.00849 0.00318 | 2.67 2.447 7.13 2.19
o Penetration rate (PR) 0.129 0.151 3.85 2.447 3.73 2.19
BItumino A \veighted sound pressure level -0.0087 | 00311 | -328 | 2447 | 3.08 2.19 78.24 % 77.32%
us coal (dB)
Thrust (N) 0.01735 0.00201 | 8.63 2.447 74.45 2.19
Torque (Nm) -0.433 0..159 -2.72 2.447 7.42 2.19
Constant 13.82 5.87 2.36 2.447 16.47 2.19
Drill bit diameter(DD) -0.5057 0.0845 | -5.98 2.447 35.82 2.19
Spindle speed (SS) 0.00607 0.00750 | 2.81 2.447 2.66 2.19
Penetration rate (PR) -0.240 0.314 -2.76 2.447 2.58 2.19
Laterite | A-weighted sound pressure level -0.1127 | 0.0715 | -1.58 | 2.447 2.48 2.19 75.58 % 76.81 %
(dB)
Thrust (N) 0.01599 0.00378 | 4.22 2.447 17.85 2.19
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Torque (Nm) 0.640 0.364 1.76 2.447 3.09 2.19

Constant 22.91 5.03 4.55 2.447 66.16 2.19

Drill bit diameter(DD) -1.523 0.104 -14.65 2.447 214.75 2.19

Spindle speed (SS) -0.00480 | 0.00696 | -2.69 2.447 2.48 2.19

) Penetration rate (PR) 0.585 0.345 1.69 2.447 2.87 2.19
_Pink A Weighted sound pressure level 00139 | 00476 | -329 | 2447 | 009 | 219 77.09% 75.92%

limestone (dB)

Thrust (N) 0.01305 0.00191 6.82 2.447 46.56 2.19

Torque (Nm) -0.228 0.374 -3.61 2.447 3.37 2.19

Constant 14.84 3.25 4.57 2.447 72.94 2.19

Drill bit diameter(DD) -1.030 0.149 -6.91 2.447 47.69 2.19

Spindle speed (SS) 0.00452 0.00808 | 2.56 2.447 2.31 2.19

Black | Penetration rate (PR) -2.650 0.770 -3.44 2.447 11.84 2.19

limestone "A"\veighted sound pressure level -0.00060 | 0.00490 | -2.12 | 2.447 2.01 2.19
(dB) 78.76 % 77.68 %

Thrust (N) 0.02991 0.00382 7.82 2.447 61.22 2.19

Torque (Nm) 0.040 0.411 3.10 2.447 3.01 2.19

Constant 25.01 4.84 5.20 2.447 69.94 2.19

Drill bit diameter(DD) -1.7078 0.0998 | -17.12 2.447 293.04 2.19

Spindle speed (SS) -0.00423 0.00692 | -3.61 2.447 3.37 2.19

Penetration rate (PR) 0.254 0.353 3.72 2.447 3.52 2.19

Hematite " weighted sound pressure level 0.0151 0.0430 | 235 | 2.447 3.12 2.19
(dB) 78.05 % 76..94 %

Thrust (N) 0.00842 0.00208 4.05 2.447 16.37 2.19

Torque (Nm) 0.158 0257 4.61 2.447 2.38 2.19

Constant 26.16 3.03 8.64 2.447 66.76 2.19
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Dolomite

Drill bit diameter(DD) -1.578 0.105 -15.01 2.447 225.39 2.19

Spindle speed (SS) -0.00756 | 0.00742 | -1.02 2.447 1.04 2.19
Penetration rate (PR) -1.086 0.505 -2.15 2.447 4.63 2.19

A-weighted sound pressure level -0.00068 | 0.00649 | -5.10 2.447 3.01 2.19
dB

Sl'hrl)JSt (N) 0.01578 0.00232 | 6.80 2.447 46.19 2.19
Torque (Nm) 0.132 0.273 5.49 2.447 2.24 2.19

77.25%

76.09 %

121




Table 4.B2: Results of ANOVA for various rocks

Ochre

Source DF Seq.SS Adj SS Adj MS F-Value P-Value
Regression 6 2118.74 2118.74 353.124 66.03 0.000
Drill bit 1 1486.26 396.34 396.343 74.11 0.000
diameter(DD)
Spindle speed (SS) 1 24.82 0.31 0.313 0.06 0.009
Penetration rate 1 17.98 0.43 0.426 0.08 0.038
(PR)
A-weighted sound 1 43.23 20.80 20.797 3.89 0.051

Eq.l pressure level (dB)
Thrust (N) 1 514.85 478.40 478.403 89.46 0.000
Torque (Nm) 1 31.61 31.61 31.606 5.91 0.017
Error 118 631.06 631.06 5.348 -
Total 124 2749.81 - - -

Bituminous coal

Source DF Seq.SS Adj SS Adj MS F-Value P-Value
Regression 6 1778.63 1778.63 296.438 71.46 0.000
Drill bit 1 1424.94 334.66 334.663 80.67 0.000
diameter(DD)
Spindle speed (SS) 1 0.06 29.58 29.585 7.13 0.009
Penetration rate 1 17.72 3.01 3.012 0.73 0.012
(PR)

Eq.2 A-weighted sound 1 0.25 0.32 0.323 0.08 0.006
pressure level (dB)
Thrust (N) 1 304.87 308.85 308.851 74.45 0.000
Torque (Nm) 1 30.79 30.79 30.790 7.42 0.007
Error 118 489.51 489.51 4.148 - -
Total 124 2268.14 - - - -

Laterite
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Source DF Seq.SS Adj SS Adj MS F-Value P-Value
Regression 6 2336.36 2336.36 389.39 16.47 0..000
Drill bit 1 1094.68 846.73 846.73 35.82 0.000
diameter(DD)
Spindle speed (SS) 110.03 15.49 15.49 0.66 0.004
Penetration rate 250.49 13.75 13.75 0.58 0.047
(PR)
Eq.3 A-weighted sound 1 111.20 58.67 58.67 2.48 0.001
pressure level (dB)
Thrust (N) 1 1045.86 421.86 421.86 17.85 0.000
Torque (Nm) 1 73.10 73..10 73.10 3.09 0..031
Error 118 2789.34 23.64 23.64 - -
Total 124 5125.71 - - - -
Pink limestone
Source DF Seq.SS Adj SS Adj MS F-Value P-Value
Regression 6 11588.7 11588.7 1931.45 66.16 0.000
Drill bit 1 10023.7 6269.5 6269.54 214.75 0.000
diameter(DD)
Spindle speed (SS) 1 107.8 13.9 13.87 0.48 0.049
Ea-4  ["Penetration rate 1 90.6 83.8 83.84 2.87 0.003
(PR)
A-weighted sound 1 0.2 2.5 2.48 0.09 0.001
pressure level (dB)
Thrust (N) 1 1355.5 1359.4 1359.38 46.56 0.000
Torque (Nm) 1 10.9 10.9 10.90 0.37 0.005
Error 118 3444.9 3444.9 29.19 - -
Total 124 15033.7 - - - -
Black limestone
Source DF Seq.SS Adj SS Adj MS F-Value P-Value
Regression 6 16740.5 16740.5 2790.09 72.94 0.000

123




Drill bit 1 11712.4 1824.29 1824.29 47.69 0.000

diameter(DD)

Spindle speed (SS) 1 63.4 11.95 11.95 0.31 0.005

Penetration rate 1 2093.5 453.10 453.10 11.84 0.001
Eq.5 (PR)

A-weighted sound 1 13.5 0.57 0.57 0.01 0.093

pressure level (dB)

Thrust (N) 1 2857.4 2341.72 2341.72 61.22 0.000

Torque (Nm) 1 0.4 0.37 0.37 0.01 0.022

Error 118 4513.9 38.25 38.25 - -

Total 124 21254.5 - - - -

Hematite

Source DF Seq.SS Adj SS Adj MS F-Value P-Value

Regression 6 12255.3 12255.3 2042.56 69.94 0.000

Drill bit 1 11398.6 8558.3 8558.32 293.04 0.000

diameter(DD)

Spindle speed (SS) 1 53.6 10.9 10.93 0..37 0.005

Penetration rate 1 0.1 15.09 15.05 0.52 0.014
Eq.6 (PR)

A-weighted sound 1 40.4 3.6 3.61 0.12 00017

pressure level (dB)

Thrust (N) 1 751.5 478.2 478.20 16.37 0.000

Torque (Nm) 1 11.0 11.0 11.02 0.38 0.005

Error 118 3446.3 3446.3 29.21 - -

Total 124 15701.6 - - - -

Dolomite

Source DF Seq.SS Adj SS Adj MS F-Value P-Value

Regression 6 13659.4 13659.4 2276.57 66.76 0.000

Drill bit 1 11201.1 7685.6 7685.57 225.39 0.000

diameter(DD)

Spindle speed (SS) 1 84.8 35.4 35.40 1.04 0.031
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Penetration rate 1 378.4 157.9 157.88 4.63 0.033
(PR)

A-weighted sound 1 13.2 0.4 0.37 0.01 0.017
pressure level (dB)

Thrust (N) 1 1973.9 1575.1 1575.1 46.19 0.000
Torque (Nm) 1 8.0 8.0 8.0 0.24 0.006
Error 118 4023.6 4023.6 4023.6 - -
Total 124 17683.0 - - - -
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Table 4.B5: Experimental 125 test conditions results of thrust, torque and A-SPL, for ochre rock sample

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)
1 6 150 2 736 4 82.6 11.88391957
2 6 200 2 400 4 80.1 14.1475233
3 6 250 2 236 4 78.7 8.347038747
4 6 300 2 500 4 75.1 17.68440412
5 6 350 2 270 4 74.6 9.549578227
6 10 150 2 187 4 68.2 2.381028171
7 10 200 2 200 4 70.5 2.546554194
8 10 250 2 196 4 73.9 2.49562311
9 10 300 2 210 4 72.4 2.673881904
10 10 350 2 191 4 73.9 2.431959255
11 16 150 2 220 4 75.6 1.094222505
12 16 200 2 300 3 73.7 1.492121598
13 16 250 2 245 3 82.1 1.218565972
14 16 300 2 230 3 83.7 1.143959892
15 16 350 2 200 3 82.1 0.994747732
16 18 150 2 256 3 75.2 1.006046101
17 18 200 2 500 3 74.8 1.964933792
18 18 250 2 136 3 76.8 0.534461991
19 18 300 2 200 3 74.8 0.785973517
20 18 350 2 589 3 75.4 2.314692006
21 20 150 2 200 3 78.9 0.636638548
22 20 200 2 278 3 74.5 0.884927582
23 20 250 2 300 3 74.8 0.954957823
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24 20 300 2 219 3 77.8 0.697119211
25 20 350 2 157 3 78.2 0.499761261
26 6 150 3 450 4 72.2 15.91596371
27 6 200 3 213 4 79.3 7.533556157
28 6 250 3 300 4 74.5 10.61064247
29 6 300 3 198 4 70.4 7.003024033
30 6 350 3 200 4 72.4 7.07376165
31 10 150 3 250 4 714 3.183192742
32 10 200 3 162 4 72.5 2.062708897
33 10 250 3 200 4 73.4 2.546554194
34 10 300 3 140 4 72.6 1.782587936
35 10 350 3 300 4 73.4 3.819831291
36 16 150 3 320 4 75.8 1.591596371
37 16 200 3 256 3 72.8 1.273277097
38 16 250 3 230 3 71.4 1.143959892
39 16 300 3 120 3 76.3 0.596848639
40 16 350 3 150 3 74.2 0.746060799
41 18 150 3 456 3 72.8 1.792019618
42 18 200 3 358 3 72 1.406892595
43 18 250 3 245 3 75.8 0.962817558
44 18 300 3 101 3 72.1 0.396916626
45 18 350 3 256 3 78.4 1.006046101
46 20 150 3 200 3 73.5 0.636638548
47 20 200 3 308 3 71.4 0.980423365
48 20 250 3 208 3 78.5 0.66210409
49 20 300 3 118 3 72.5 0.375616744
50 20 350 3 201 3 74.5 0.639821741
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o1 6 150 4 176 4 70.3 6.224910252
52 6 200 4 158 4 71 5.588271703
53 6 250 4 184 4 69.3 6.507860718
54 6 300 4 321 4 76.1 11.35338745
55 6 350 4 531 4 76.3 18.78083718
56 10 150 4 956 4 71.3 12.17252905
57 10 200 4 500 4 75.1 6.366385485
58 10 250 4 645 4 73.9 8.212637275
59 10 300 4 325 4 72.1 4.138150565
60 10 350 4 125 4 74 1.591596371
61 16 150 4 200 4 70.2 0.994747732
62 16 200 4 350 3 714 1.740808531
63 16 250 4 218 3 74.7 1.084275028
64 16 300 4 300 3 75.2 1.492121598
65 16 350 4 104 3 75.6 0.517268821
66 18 150 4 378 3 78 1.485489946
67 18 200 4 400 3 78.9 1.571947033
68 18 250 4 610 3 69.8 2.397219226
69 18 300 4 400 3 72.5 1.571947033
70 18 350 4 120 3 73.4 0.47158411
71 20 150 4 179 3 73.6 0.569791501
72 20 200 4 440 3 78.9 1.400604807
73 20 250 4 200 3 76.3 0.636638548
74 20 300 4 317 3 74.1 1.009072099
75 20 350 4 111 3 75.4 0.353334394
76 6 150 5 500 4 75.4 17.68440412
77 6 200 5 427 4 68.5 15.10248112
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78 6 250 5 500 4 70.1 17.68440412
79 6 300 5 179 4 72 6.331016676
80 6 350 5 256 4 70.4 9.054414911
81 10 150 5 100 4 76.4 1.273277097
82 10 200 5 140 4 68.3 1.782587936
83 10 250 5 187 4 72.1 2.381028171
84 10 300 5 196 4 74 2.49562311
85 10 350 5 150 4 72.2 1.909915645
86 16 150 5 536 4 74.4 2.665923922
87 16 200 5 456 3 75.8 2.268024829
88 16 250 5 200 3 74.9 0.994747732
89 16 300 5 120 3 73.2 0.596848639
90 16 350 5 482 3 69.2 2.397342034
91 18 150 5 200 3 73.1 0.785973517
92 18 200 5 356 3 72.5 1.39903286
93 18 250 5 341 3 71.2 1.340084846
94 18 300 5 136 3 70.4 0.534461991
95 18 350 5 200 3 73.6 0.785973517
96 20 150 5 307 3 74.5 0.977240172
97 20 200 5 217 3 73.4 0.690752825
98 20 250 5 200 3 74.5 0.636638548
99 20 300 5 130 3 74 0.413815057
100 20 350 5 125 3 72.9 0.397899093
101 6 150 6 202 4 91.9 7.144499266
102 6 200 6 300 4 85.7 10.61064247
103 6 250 6 159 4 79.3 5.623640511
104 6 300 6 245 4 82.4 8.665358021
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105 6 350 6 200 4 70.1 7.07376165
106 10 150 6 169 4 68.7 2.151838294
107 10 200 6 150 4 71.8 1.909915645
108 10 250 6 130 4 70.9 1.655260226
109 10 300 6 200 4 70.4 2.546554194
110 10 350 6 133 4 71.6 1.693458539
111 16 150 6 215 4 75 1.069353812
112 16 200 6 159 3 74.5 0.790824447
113 16 250 6 256 3 75.8 1.273277097
114 16 300 6 300 3 76.1 1.492121598
115 16 350 6 125 3 73.5 0.621717332
116 18 150 6 132 3 78.4 0.518742521
117 18 200 6 159 3 75.4 0.624848946
118 18 250 6 500 3 74.9 1.964933792
119 18 300 6 471 3 73.5 1.850967632
120 18 350 6 132 3 71 0.518742521
121 20 150 6 200 3 74.8 0.636638548
122 20 200 6 214 3 73 0.681203247
123 20 250 6 200 3 72.5 0.636638548
124 20 300 6 140 3 71.9 0.445646984
125 20 350 6 115 3 71.8 0.366067165
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Table 4.B6: Experimental 125 test conditions results of thrust, torque and A-SPL, for bituminous coal

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)
1 6 150 2 135 4 69.4 4.774789113
2 6 200 2 200 4 70.4 7.07376165
3 6 250 2 235 4 70 8.311669938
4 6 300 2 100 4 77.2 3.536880825
5 6 350 2 105 4 77.8 3.713724866
6 10 150 2 80 4 77.6 1.018621678
7 10 200 2 175 4 70.2 2.22823492
8 10 250 2 252 4 96.2 3.208658284
9 10 300 2 231 3 935 2.941270094
10 10 350 2 220 3 97.3 2.801209613
11 16 150 2 149 3 70.6 0.74108706
12 16 200 2 200 3 70.1 0.994747732
13 16 250 2 258 3 69.7 1.283224574
14 16 300 2 134 3 70.4 0.66648098
15 16 350 2 127 3 85.1 0.63166481
16 18 150 2 396 6 70.9 1.556227563
17 18 200 2 342 6 71 1.344014713
18 18 250 2 300 6 75.3 1.178960275
19 18 300 2 189 6 69.5 0.742744973
20 18 350 2 99 6 76.4 0.389056891
21 20 150 2 210 7 73.1 0.668470476
22 20 200 2 200 7 69.1 0.636638548
23 20 250 2 198 7 74.5 0.630272163
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24 20 300 2 130 7 76.2 0.413815057
25 20 350 2 127 7 77.8 0.404265478
26 6 150 3 503 4 69.2 17.79051055
27 6 200 3 407 4 70.5 14.39510496
28 6 250 3 394 4 87 13.93531045
29 6 300 3 370 4 90.1 13.08645905
30 6 350 3 300 4 92.8 10.61064247
31 10 150 3 359 6 67.5 4571064778
32 10 200 3 381 6 74.8 4.851185739
33 10 250 3 304 6 78.4 3.870762375
34 10 300 3 326 6 91.5 4.150883336
35 10 350 3 300 6 924 3.819831291
36 16 150 3 285 4 79.9 1.417515518
37 16 200 3 300 4 70.2 1.492121598
38 16 250 3 247 4 70 1.228513449
39 16 300 3 132 4 75.9 0.656533503
40 16 350 3 140 4 76.1 0.696323412
41 18 150 3 308 6 74.7 1.210399216
42 18 200 3 225 6 77 0.884220206
43 18 250 3 198 6 85.8 0.778113781
44 18 300 3 49 6 84.2 0.192563512
45 18 350 3 100 6 87.7 0.392986758
46 20 150 3 242 5 69.8 0.770332644
47 20 200 3 156 5 70.4 0.496578068
48 20 250 3 100 5 74.5 0.318319274
49 20 300 3 54 5 75.9 0.171892408
50 20 350 3 102 5 77.5 0.32468566
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o1 6 150 4 147 3 66.3 5.199214812
52 6 200 4 150 3 68.2 5.305321237
53 6 250 4 246 3 77 8.700726829
54 6 300 4 300 3 78.4 10.61064247
55 6 350 4 375 3 78.5 13.26330309
56 10 150 4 482 6 7.4 6.137195607
57 10 200 4 305 6 74.9 3.883495146
58 10 250 4 104 6 76.5 1.324208181
59 10 300 4 120 6 75.8 1.527932516
60 10 350 4 150 6 76.7 1.909915645
61 16 150 4 197 4 70.2 0.979826516
62 16 200 4 200 4 72 0.994747732
63 16 250 4 186 4 70 0.925115391
64 16 300 4 175 4 77.4 0.870404265
65 16 350 4 187 4 78.8 0.930089129
66 18 150 4 315 6 68.6 1.237908289
67 18 200 4 300 6 73.5 1.178960275
68 18 250 4 325 6 84.1 1.277206965
69 18 300 4 241 6 80.1 0.947098088
70 18 350 4 112 6 91.8 0.440145169
71 20 150 4 236 8 72.1 0.751233487
72 20 200 4 278 8 73 0.884927582
73 20 250 4 187 8 73.2 0.595257043
74 20 300 4 147 8 80.2 0.467929333
75 20 350 4 43 8 82.5 0.136877288
76 6 150 5 256 3 66.9 9.054414911
77 6 200 5 341 3 70.5 12.06076361
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78 6 250 5 475 3 73.5 16.80018392
79 6 300 5 500 3 76.4 17.68440412
80 6 350 5 521 3 77.8 18.4271491
81 10 150 5 300 7 68.4 3.819831291
82 10 200 5 289 7 70.5 3.67977081
83 10 250 5 220 7 74.8 2.801209613
84 10 300 5 223 7 76.2 2.839407926
85 10 350 5 207 7 78.7 2.635683591
86 16 150 5 186 7 65.4 0.925115391
87 16 200 5 145 7 70.7 0.721192106
88 16 250 5 200 7 71.1 0.994747732
89 16 300 5 215 7 79.1 1.069353812
90 16 350 5 200 7 77.7 0.994747732
91 18 150 5 296 6 86.4 1.163240805
92 18 200 5 300 6 96.4 1.178960275
93 18 250 5 289 6 74.5 1.135731732
94 18 300 5 90 6 81.1 0.353688082
95 18 350 5 104 6 86.7 0.408706229
96 20 150 5 200 8 85.6 0.636638548
97 20 200 5 145 8 82.1 0.461562948
98 20 250 5 115 8 83.7 0.366067165
99 20 300 5 76 8 78 0.241922648
100 20 350 5 189 8 86.9 0.283304154
101 6 150 6 161 4 68.6 5.694378128
102 6 200 6 170 4 70.4 6.012697402
103 6 250 6 257 4 75 9.08978372
104 6 300 6 304 4 80.1 10.75211771
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105 6 350 6 371 4 73.9 13.12182786
106 10 150 6 447 7 75.6 5.691548623
107 10 200 6 481 7 72.1 6.124462836
108 10 250 6 448 7 70.4 5.704281394
109 10 300 6 309 7 4.7 3.93442623
110 10 350 6 245 7 77.2 3.119528887
111 16 150 6 397 6 73.5 1.974574248
112 16 200 6 370 6 68.7 1.840283304
113 16 250 6 386 6 70 1.919863123
114 16 300 6 305 6 77 1.516990291
115 16 350 6 270 6 79.2 1.342909438
116 18 150 6 255 6 67.5 1.002116234
117 18 200 6 300 6 68.5 1.178960275
118 18 250 6 249 6 70.5 0.978537028
119 18 300 6 184 6 72.5 0.723095635
120 18 350 6 72 6 78 0.282950466
121 20 150 6 286 8 73.8 0.910393124
122 20 200 6 244 8 74.8 0.776699029
123 20 250 6 300 8 74.2 0.954957823
124 20 300 6 189 8 75.8 0.601623428
125 20 350 6 192 8 78.4 0.611173007
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Table 4.B7: Experimental 125 test conditions results of thrust, torque and A-SPL, for laterite rock type

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)

1 6 150 2 610 4 91.7 21.57497303
2 6 200 2 420 3 89 14.85489946
3 6 250 2 350 4 89 12.37908289
4 6 300 2 300 4 90 10.61064247
5 6 350 2 295 3 91.8 10.43379843
6 10 150 2 520 4 88.4 6.621040904
7 10 200 2 480 5 87.9 6.111730065
8 10 250 2 475 5 88 6.04806621
9 10 300 2 470 5 89.3 5.984402356
10 10 350 2 462 5 90.1 5.882540188
11 16 150 2 480 3 76.6 2.387394557
12 16 200 2 430 3 92.6 2.138707624
13 16 250 2 150 2 83 0.746060799
14 16 300 2 320 4 80 1.591596371
15 16 350 2 295 2 82.9 1.467252905
16 18 150 2 529 4 81.2 2.078899951
17 18 200 2 520 4 82 2.043531143
18 18 250 2 346 4 82.6 1.359734184
19 18 300 2 300 4 84.6 1.178960275
20 18 350 2 180 4 86.8 0.707376165
21 20 150 2 205 4 76.2 0.652554512
22 20 200 2 235 4 77.3 0.748050294
23 20 250 2 372 4 88.4 1.1841477
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24 20 300 2 300 4 80 0.954957823
25 20 350 2 272 4 79.3 0.865828426
26 6 150 3 458 4 86.9 16.19891418
27 6 200 3 450 5 87.2 15.91596371
28 6 250 3 402 4 87 14.21826092
29 6 300 3 400 4 86.5 14.1475233
30 6 350 3 358 4 87.2 12.66203335
31 10 150 3 305 4 72.6 3.883495146
32 10 200 3 300 4 86 3.819831291
33 10 250 3 312 4 86.3 3.972624542
34 10 300 3 309 4 82 3.93442623
35 10 350 3 202 4 89.3 2.572019736
36 16 150 3 250 3 78.7 1.243434665
37 16 200 3 176 2 76.5 0.875378004
38 16 250 3 256 2 76 1.273277097
39 16 300 3 200 2 80 0.994747732
40 16 350 3 102 2 83.3 0.507321343
41 18 150 3 589 4 82 2.314692006
42 18 200 3 627 4 84.1 2.464026975
43 18 250 3 345 4 84.7 1.355804316
44 18 300 3 295 4 85.3 1.159310937
45 18 350 3 290 4 86.4 1.139661599
46 20 150 3 302 4 87.1 0.961324208
47 20 200 3 230 5 89.8 0.732134331
48 20 250 3 229 4 86.3 0.728951138
49 20 300 3 237 4 86.4 0.75441668
50 20 350 3 222 4 87 0.706668789
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o1 6 150 4 147 3 73.2 5.199214812
52 6 200 4 200 4 74.2 7.07376165
53 6 250 4 189 3 73 6.684704759
54 6 300 4 250 4 74.6 8.842202062
55 6 350 4 276 4 75.1 9.761791076
56 10 150 4 402 5 76.9 14.21826092
57 10 200 4 398 4 77.8 14.07678568
58 10 250 4 302 4 85 10.68138009
59 10 300 4 300 4 87.5 10.61064247
60 10 350 4 250 5 88.9 8.842202062
61 16 150 4 700 9 76.7 24.75816577
62 16 200 4 630 9 80.3 22.2823492
63 16 250 4 440 6 82.9 15.56227563
64 16 300 4 500 7 85.2 17.68440412
65 16 350 4 549 7 87.1 19.41747573
66 18 150 4 976 8 76.9 34.51995685
67 18 200 4 658 8 77.2 23.27267583
68 18 250 4 447 4 89.7 15.80985729
69 18 300 4 307 4 90.1 10.85822413
70 18 350 4 129 4 79.8 4562576264
71 20 150 4 159 2 77.4 5.623640511
72 20 200 4 189 2 78 6.684704759
73 20 250 4 201 2 79.8 7.109130458
74 20 300 4 307 2 80.2 10.85822413
75 20 350 4 350 2 80.9 12.37908289
76 6 150 5 401 4 82 14.18289211
77 6 200 5 346 4 83.5 12.23760765
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78 6 250 5 258 4 88 9.125152528
79 6 300 5 320 3 87.2 11.31801864
80 6 350 5 202 4 92.6 7.144499266
81 10 150 5 525 4 74.2 6.684704759
82 10 200 5 315 5 74.1 4.010822855
83 10 250 5 200 5 76 2.546554194
84 10 300 5 254 5 78 3.234123826
85 10 350 5 198 5 99.6 2.521088652
86 16 150 5 782 5 83.2 3.889463632
87 16 200 5 812 5 83.4 4.038675792
88 16 250 5 500 6 85 2.48686933
89 16 300 5 325 6 87.6 1.616465064
90 16 350 5 300 6 89 1.492121598
91 18 150 5 583 5 80.7 2.291112801
92 18 200 5 300 4 81.5 1.178960275
93 18 250 5 295 4 90.2 1.159310937
94 18 300 5 226 3 100 0.888150074
95 18 350 5 205 4 99.9 0.805622855
96 20 150 5 270 2 75.7 0.85946204
97 20 200 5 120 2 77.4 0.381983129
98 20 250 5 225 2 84 0.716218367
99 20 300 5 176 2 88.7 0.560241923
100 20 350 5 171 2 89.5 0.544325959
101 6 150 6 397 0 68.1 14.04141687
102 6 200 6 305 4 60.5 10.78748652
103 6 250 6 387 4 68.9 13.68772879
104 6 300 6 392 3 68 13.86457283
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105 6 350 6 400 3 69.8 14.1475233
106 10 150 6 578 4 70.9 7.35954162
107 10 200 6 489 4 74.1 6.226325004
108 10 250 6 420 4 76 5.347763807
109 10 300 6 300 4 98.6 3.819831291
110 10 350 6 348 0 99.6 4.431004297
111 16 150 6 715 7 84.7 3.556223142
112 16 200 6 653 6 80.2 3.247851345
113 16 250 6 583 6 76.6 2.899689639
114 16 300 6 505 6 84.5 2.511738023
115 16 350 6 453 6 85.3 2.253103613
116 18 150 6 218 5 80.5 0.856711133
117 18 200 6 250 5 81.5 0.982466896
118 18 250 6 324 5 79.4 1.273277097
119 18 300 6 305 5 90.3 1.198609613
120 18 350 6 394 5 94 1.548367828
121 20 150 6 204 2 77.6 0.649371319
122 20 200 6 236 2 79.9 0.751233487
123 20 250 6 225 2 84.5 0.716218367
124 20 300 6 220 2 86.8 0.700302403
125 20 350 6 130 2 87 0.413815057
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Table 4.B8: Experimental 125 test conditions results of thrust, torque and A-SPL, for pink limestone

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)
1 6 150 2 520 6 72.3 18.39178029
2 6 200 2 452 5 74.5 15.98670133
3 6 250 2 500 5 754 17.68440412
4 6 300 2 415 4 86.3 14.67805542
5 6 350 2 600 5 76 21.22128495
6 10 150 2 800 4 74.5 10.18621678
7 10 200 2 752 5 75.4 9.575043769
8 10 250 2 775 5 72.8 9.867897501
9 10 300 2 600 5 90.8 7.639662582
10 10 350 2 307 5 74.5 3.908960688
11 16 150 2 552 6 75.4 2.74550374
12 16 200 2 641 6 95.3 3.188166481
13 16 250 2 649 6 84.5 3.22795639
14 16 300 2 485 6 78.5 2.41226325
15 16 350 2 669 6 80 3.327431163
16 18 150 2 315 4 96.3 1.237908289
17 18 200 2 700 4 96.8 2.750907308
18 18 250 2 1035 4 110.1 4.067412949
19 18 300 2 452 4 78.9 1.776300148
20 18 350 2 577 4 107.5 2.267533595
21 20 150 2 536 3 96.1 1.70619131
22 20 200 2 600 3 74.5 1.909915645
23 20 250 2 741 3 79.4 2.358745822
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24 20 300 2 200 6 86.4 0.636638548
25 20 350 2 350 4 87.9 1.11411746
26 6 150 3 1200 6 84.5 42.4425699
27 6 200 3 685 7 78.5 24.22763365
28 6 250 3 745 7 80 26.34976214
29 6 300 3 926 6 73.9 32.75151644
30 6 350 3 500 5 78.9 17.68440412
31 10 150 3 685 4 107.5 8.721948114
32 10 200 3 752 7 73.2 9.575043769
33 10 250 3 956 7 86.4 12.17252905
34 10 300 3 509 9 75.3 6.480980423
35 10 350 3 625 6 74.5 7.957981856
36 16 150 3 893 6 75.4 4.441548623
37 16 200 3 779 6 77.5 3.874542416
38 16 250 3 456 6 86.4 2.268024829
39 16 300 3 556 6 87.5 2.765398695
40 16 350 3 852 4 74.5 4.237625338
41 18 150 3 931 6 75.4 3.65870672
42 18 200 3 1369 6 106.2 5.379988721
43 18 250 3 904 6 87.9 3.552600295
44 18 300 3 1024 6 108.6 4.024184405
45 18 350 3 562 6 86.3 2.208585582
46 20 150 3 963 6 76 3.065414611
47 20 200 3 523 6 74.5 1.664809804
48 20 250 3 630 6 75.4 2.005411428
49 20 300 3 715 4 83.6 2.275982811
50 20 350 3 632 8 74.5 2.011777813
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o1 6 150 4 745 6 107.5 26.34976214
52 6 200 4 926 6 96.1 32.75151644
53 6 250 4 500 6 74.5 17.68440412
54 6 300 4 685 6 79.4 24.22763365
55 6 350 4 752 6 86.4 26.5973438
56 10 150 4 956 6 75.3 12.17252905
57 10 200 4 509 6 74.5 6.480980423
58 10 250 4 625 6 74.1 7.957981856
59 10 300 4 752 4 74.5 9.575043769
60 10 350 4 884 8 7.7 11.25576954
61 16 150 4 875 6 80 4.352021327
62 16 200 4 456 6 74.5 2.268024829
63 16 250 4 756 6 78.6 3.760146427
64 16 300 4 500 6 74.5 2.48686933
65 16 350 4 486 4 84.1 2.417236989
66 18 150 4 562 10 91.4 2.208585582
67 18 200 4 586 8 74.5 2.302902404
68 18 250 4 287 5 102.9 1.127871996
69 18 300 4 389 7 74.5 1.52871849
70 18 350 4 295 3 104.9 1.159310937
71 20 150 4 258 5 91.8 0.821263728
72 20 200 4 356 5 80 1.133216616
73 20 250 4 227 5 73.9 0.722584753
74 20 300 4 300 5 78.9 0.954957823
75 20 350 4 284 5 85.7 0.904026739
76 6 150 5 1125 8 68.1 39.78990928
77 6 200 5 1286 6 60.5 45.48428741
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78 6 250 5 1000 6 68.9 35.36880825
79 6 300 5 968 6 68 34.23700638
80 6 350 5 1002 6 69.8 35.43954586
81 10 150 5 789 4 70.9 10.04615629
82 10 200 5 989 10 76.7 12.59271049
83 10 250 5 745 8 80 9.485914372
84 10 300 5 765 5 79.5 9.740569792
85 10 350 5 800 7 84.1 10.18621678
86 16 150 5 563 3 91.4 2.800214866
87 16 200 5 500 5 7.4 2.48686933
88 16 250 5 365 5 80 1.815414611
89 16 300 5 218 5 97.3 1.084275028
90 16 350 5 756 5 77.7 3.760146427
91 18 150 5 286 5 80 1.123942129
92 18 200 5 1475 4 74.5 5.796554685
93 18 250 5 856 5 103.5 3.363966651
94 18 300 5 762 7 103.2 2.994559098
95 18 350 5 456 3 77.7 1.792019618
96 20 150 5 636 5 80 2.024510584
97 20 200 5 219 5 74.5 0.697119211
98 20 250 5 963 5 93.6 3.065414611
99 20 300 5 756 5 934 2.406493713
100 20 350 5 563 5 68 1.792137514
101 6 150 6 1456 5 81.3 51.49698481
102 6 200 6 896 5 69.8 31.69045219
103 6 250 6 712 5 70.9 25.18259147
104 6 300 6 693 5 76.7 24.51058412
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105 6 350 6 665 5 80.4 23.52025748
106 10 150 6 393 4 78.2 5.003978991
107 10 200 6 520 5 69.8 6.621040904
108 10 250 6 500 7 70.9 6.366385485
109 10 300 6 636 3 76.7 8.098042336
110 10 350 6 207 5 75.6 2.635683591
111 16 150 6 470 5 88.3 2.33765717
112 16 200 6 532 5 103.2 2.646028967
113 16 250 6 279 5 925 1.387673086
114 16 300 6 456 5 84.1 2.268024829
115 16 350 6 256 8 100.5 1.273277097
116 18 150 6 900 9 77.1 3.536880825
117 18 200 6 563 7 69.8 2.212515449
118 18 250 6 500 6 105.8 1.964933792
119 18 300 6 745 6 84.1 2.927751349
120 18 350 6 406 6 93.8 1.595526239
121 20 150 6 390 6 92.7 1.24144517
122 20 200 6 258 6 84.1 0.821263728
123 20 250 6 593 6 97.3 1.887633296
124 20 300 6 456 6 103.2 1.45153589
125 20 350 6 1456 7 99.9 4.634728633
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Table 4.B9: Experimental 125 test conditions results of thrust, torque and A-SPL, for black limestone

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)
1 6 150 2 400 2 77.5 14.1475233
2 6 200 2 487 3 72.5 17.22460962
3 6 250 2 314 1 70.3 11.10580579
4 6 300 2 312 3 715 11.03506817
5 6 350 2 452 3 70.7 15.98670133
6 10 150 2 300 2 73 3.819831291
7 10 200 2 200 2 78.1 2.546554194
8 10 250 2 215 2 81.5 2.737545758
9 10 300 2 300 3 83.2 3.819831291
10 10 350 2 225 4 82.2 2.864873468
11 16 150 2 276 2 86.4 1.37275187
12 16 200 2 200 4 88.2 0.994747732
13 16 250 2 386 3 86.4 1.919863123
14 16 300 2 245 3 85.4 1.218565972
15 16 350 2 275 4 83.9 1.367778131
16 18 150 2 234 3 85.5 0.919589014
17 18 200 2 200 4 84.2 0.785973517
18 18 250 2 215 4 87.2 0.84492153
19 18 300 2 256 2 84.5 1.006046101
20 18 350 2 126 4 85 0.495163315
21 20 150 2 243 4 80.3 0.773515836
22 20 200 2 200 5 80.4 0.636638548
23 20 250 2 189 5 85.7 0.601623428
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24 20 300 2 200 3 85.9 0.636638548
25 20 350 2 235 5 85.8 0.748050294
26 6 150 3 545 4 80.1 19.2760005
27 6 200 3 430 3 79.1 15.20858755
28 6 250 3 450 3 80 15.91596371
29 6 300 3 400 3 72 14.1475233
30 6 350 3 415 3 73 14.67805542
31 10 150 3 486 5 75.3 6.188126691
32 10 200 3 400 2 76.8 5.093108388
33 10 250 3 451 4 75.4 5.742479707
34 10 300 3 435 3 78.7 5.538755372
35 10 350 3 312 4 78.1 3.972624542
36 16 150 3 451 3 79.5 2.243156136
37 16 200 3 255 4 87.6 1.268303358
38 16 250 3 300 3 82.5 1.492121598
39 16 300 3 340 3 83.6 1.691071144
40 16 350 3 295 4 80.2 1.467252905
41 18 150 3 300 2 84.5 1.178960275
42 18 200 3 355 4 75.7 1.395102992
43 18 250 3 412 4 80.4 1.619105444
44 18 300 3 400 2 80.9 1.571947033
45 18 350 3 300 4 85.2 1.178960275
46 20 150 3 451 4 84.2 1.435619927
47 20 200 3 400 4 84.4 1.273277097
48 20 250 3 356 5 84.2 1.133216616
49 20 300 3 300 5 86.2 0.954957823
50 20 350 3 289 4 88.2 0.919942703
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o1 6 150 4 981 5 69.4 34.69680089
52 6 200 4 800 4 68.2 28.2950466

53 6 250 4 745 5 70.5 26.34976214
54 6 300 4 800 6 77.8 28.2950466

55 6 350 4 804 3 76 28.43652183
56 10 150 4 787 5 75.7 10.02069075
57 10 200 4 547 4 74.5 6.96482572

58 10 250 4 700 4 80.1 8.912939678
59 10 300 4 741 2 82.4 9.434983288
60 10 350 4 o547 5 81.8 6.96482572

61 16 150 4 566 6 7.4 2.815136081
62 16 200 4 700 4 77.4 3.481617062
63 16 250 4 654 4 79.6 3.252825084
64 16 300 4 475 5 80.7 2.362525863
65 16 350 4 517 8 61.2 2.571422887
66 18 150 4 478 3 805 1.878476705
67 18 200 4 689 4 85.7 2.707678765
68 18 250 4 201 4 81.4 0.789903384
69 18 300 4 475 4 84.2 1.866687102
70 18 350 4 378 5 84.2 1.485489946
71 20 150 4 353 6 81.8 1.123667038
72 20 200 4 389 4 88.1 1.238261977
73 20 250 4 314 4 78.3 0.999522521
74 20 300 4 300 5 89.5 0.954957823
75 20 350 4 307 5 88 0.977240172
76 6 150 5 1356 7 77.2 47.96010398
77 6 200 5 1324 7 70.5 46.82830212
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78 6 250 5 1000 7 70.9 35.36880825
79 6 300 5 923 7 70.5 32.64541001
80 6 350 5 900 5 75.2 31.83192742
81 10 150 5 815 7 78.2 10.37720834
82 10 200 5 715 6 73.8 9.103931243
83 10 250 5 500 6 77 6.366385485
84 10 300 5 978 6 77 12.45265001
85 10 350 5 1000 7 76.2 12.73277097
86 16 150 5 568 8 82.5 2.825083559
87 16 200 5 986 7 94.5 4.904106319
88 16 250 5 700 6 94.2 3.481617062
89 16 300 5 681 4 83.4 3.387116027
90 16 350 5 789 5 824 3.924279803
91 18 150 5 1132 4 96.1 4.448610104
92 18 200 5 600 6 86.4 2.35792055

93 18 250 5 512 6 96.8 2.012092203
94 18 300 5 500 6 98.7 1.964933792
95 18 350 5 499 6 101.6 1.961003924
96 20 150 5 500 5 100.1 1.591596371
97 20 200 5 501 5 84.9 1.594779564
98 20 250 5 459 5 86.4 1.461085469
99 20 300 5 489 5 87.3 1.556581251
100 20 350 5 400 5 87.9 1.273277097
101 6 150 6 1745 8 71.7 61.71857039
102 6 200 6 1542 7 77.2 54.53870232
103 6 250 6 1500 8 74.5 53.05321237
104 6 300 6 1501 10 75.6 53.08858118

149




105 6 350 6 1230 11 7.4 43.50363415
106 10 150 6 1200 8 76.8 15.27932516
107 10 200 6 1000 9 78.4 12.73277097
108 10 250 6 989 7 74.2 12.59271049
109 10 300 6 999 6 77.5 12.7200382

110 10 350 6 948 7 78.3 12.07066688
111 16 150 6 1000 9 76.3 4.97373866

112 16 200 6 900 4 78.4 4.476364794
113 16 250 6 915 8 78.1 4.550970874
114 16 300 6 745 7 86.2 3.705435302
115 16 350 6 990 5 80.1 4.924001273
116 18 150 6 804 9 89.3 3.159613537
117 18 200 6 1000 10 89.4 3.929867583
118 18 250 6 756 5 89.7 2.970979893
119 18 300 6 700 4 89.4 2.750907308
120 18 350 6 1456 15 89.7 5.721887201
121 20 150 6 689 4 84.6 2.193219799
122 20 200 6 615 8 875 1.957663537
123 20 250 6 645 7 88 2.053159319
124 20 300 6 600 6 88.9 1.909915645
125 20 350 6 580 4 88.7 1.846251791
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Table 4.B10: Experimental 125 test conditions results of thrust, torque and A-SPL, for hematite

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)
1 6 150 2 1200 13 109.7 42.4425699
2 6 200 2 986 6 100.7 34.87364493
3 6 250 2 700 5 73.4 24.75816577
4 6 300 2 647 5 82.1 22.88361894
5 6 350 2 1000 10 76.3 35.36880825
6 10 150 2 1624 14 76.2 20.67802005
7 10 200 2 586 5 75.4 7.461403788
8 10 250 2 865 6 85.9 11.01384689
9 10 300 2 520 5 89.3 6.621040904
10 10 350 2 638 7 79.7 8.123507878
11 16 150 2 750 8 83.6 3.730303995
12 16 200 2 745 8 100 3.705435302
13 16 250 2 863 8 99.7 4.292336463
14 16 300 2 596 4 100.1 2.964348241
15 16 350 2 589 4 93.6 2.929532071
16 18 150 2 925 10 104.5 3.635127514
17 18 200 2 700 6 100.7 2.750907308
18 18 250 2 652 5 84.2 2.562273664
19 18 300 2 777 9 96.3 3.053507112
20 18 350 2 569 6 925 2.236094655
21 20 150 2 952 10 81.7 3.030399491
22 20 200 2 825 7 89.7 2.626134012
23 20 250 2 693 7 93.6 2.20595257
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24 20 300 2 500 6 80.7 1.591596371
25 20 350 2 729 6 75.3 2.320547509
26 6 150 3 650 6 96.3 22.98972536
27 6 200 3 900 8 100.8 31.83192742
28 6 250 3 1000 10 82.3 35.36880825
29 6 300 3 456 5 79.3 16.12817656
30 6 350 3 896 7 77.5 31.69045219
31 10 150 3 1000 13 86.3 12.73277097
32 10 200 3 1140 13 79.3 14.5153589

33 10 250 3 1520 14 69.2 19.35381187
34 10 300 3 963 6 66.8 12.26165844
35 10 350 3 856 6 75.2 10.89925195
36 16 150 3 923 6 715 4.590760783
37 16 200 3 685 5 81.7 3.407010982
38 16 250 3 836 8 67.5 4.15804552

39 16 300 3 1000 9 85.3 4.97373866

40 16 350 3 1012 10 86.3 5.033423524
41 18 150 3 1000 10 96.3 3.929867583
42 18 200 3 2578 5 107.7 10.13119863
43 18 250 3 639 5 86.3 2.511185386
44 18 300 3 563 5 100.7 2.212515449
45 18 350 3 759 5 89.6 2.982769496
46 20 150 3 856 5 96.4 2.724812987
47 20 200 3 1000 10 90.3 3.183192742
48 20 250 3 563 5 100 1.792137514
49 20 300 3 756 6 112.2 2.406493713
50 20 350 3 963 8 101.7 3.065414611
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o1 6 150 4 962 6 85.3 34.02479353
52 6 200 4 562 5 86.3 19.87727024
53 6 250 4 520 5 90.3 18.39178029
54 6 300 4 100 5 75.2 3.536880825
55 6 350 4 856 5 71.5 30.27569986
56 10 150 4 756 5 81.7 9.625974853
57 10 200 4 963 6 67.5 12.26165844
58 10 250 4 1001 7 116.9 12.74550374
59 10 300 4 963 5 75.2 12.26165844
60 10 350 4 600 5 71.5 7.639662582
61 16 150 4 752 5 81.7 3.740251472
62 16 200 4 689 5 67.5 3.426905937
63 16 250 4 1025 8 100.3 5.098082126
64 16 300 4 860 6 75.2 4.277415247
65 16 350 4 700 6 71.5 3.481617062
66 18 150 4 500 4 81.7 1.964933792
67 18 200 4 630 4 67.5 2.475816577
68 18 250 4 530 4 100.1 2.082829819
69 18 300 4 500 4 100.8 1.964933792
70 18 350 4 589 4 82.3 2.314692006
71 20 150 4 507 4 79.3 1.61387872
72 20 200 4 601 6 76.3 1.913098838
73 20 250 4 528 6 103 1.680725768
74 20 300 4 496 6 77.5 1.5788636

75 20 350 4 500 6 86.3 1.591596371
76 6 150 5 1121 6 90.3 39.64843405
77 6 200 5 1000 8 75.2 35.36880825
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78 6 250 5 1252 6 71.5 4428174793
79 6 300 5 689 7 81.7 24.36910888
80 6 350 5 1025 9 67.5 36.25302845
81 10 150 5 860 6 116.9 10.95018303
82 10 200 5 700 5 71.5 8.912939678
83 10 250 5 500 5 81.7 6.366385485
84 10 300 5 657 8 87.3 8.365430527
85 10 350 5 520 6 715 6.621040904
86 16 150 5 630 6 715 3.133455356
87 16 200 5 523 4 81.7 2.601265319
88 16 250 5 623 4 87.3 3.098639185
89 16 300 5 1178 10 103.7 5.859064141
90 16 350 5 860 4 715 4.277415247
91 18 150 5 700 4 81.7 2.750907308
92 18 200 5 500 4 87.3 1.964933792
93 18 250 5 630 5 71.5 2.475816577
94 18 300 5 400 6 81.7 1.571947033
95 18 350 5 860 7 87.3 3.379686121
96 20 150 5 600 5 715 1.909915645
97 20 200 5 520 5 81.7 1.655260226
98 20 250 5 630 5 87.3 2.005411428
99 20 300 5 700 5 104.3 2.22823492
100 20 350 5 500 5 81.7 1.591596371
101 6 150 6 963 9 715 34.06016234
102 6 200 6 756 6 81.7 26.73881904
103 6 250 6 643 5 93.1 22.7421437
104 6 300 6 865 5 715 30.59401913
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105 6 350 6 1000 11 81.7 35.36880825
106 10 150 6 1240 6 87.3 15.788636

107 10 200 6 789 6 715 10.04615629
108 10 250 6 1200 12 81.7 15.27932516
109 10 300 6 1500 10 87.3 19.09915645
110 10 350 6 600 10 89.2 7.639662582
111 16 150 6 635 4 81.7 3.158324049
112 16 200 6 765 4 87.3 3.804910075
113 16 250 6 562 4 915 2.795241127
114 16 300 6 863 5 96.7 4.292336463
115 16 350 6 632 6 107.2 3.143402833
116 18 150 6 500 6 81.7 1.964933792
117 18 200 6 657 6 87.3 2.581923002
118 18 250 6 520 4 715 2.043531143
119 18 300 6 630 4 81.7 2.475816577
120 18 350 6 846 10 102.3 3.324667975
121 20 150 6 500 4 715 1.591596371
122 20 200 6 657 4 81.7 2.091357632
123 20 250 6 630 6 87.3 2.005411428
124 20 300 6 751 6 71.5 2.390577749
125 20 350 6 656 6 106.8 2.088174439
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Table 4.B11: Experimental 125 test conditions results of thrust, torque and A-SPL, for dolomite

Specific Energy
SI. No DD (mm) SS (rpm) PR (mm/min) Thrust (N) Torque(Nm) A-SPL(dB) (Nm/m3)
1 6 150 2 397 9 87.2 14.04141687
2 6 200 2 721 4 85.1 25.50091075
3 6 250 2 612 7 82.7 21.64571065
4 6 300 2 600 7 86.7 21.22128495
5 6 350 2 220 6 83.4 7.781137815
6 10 150 2 358 5 78.8 4.558332007
7 10 200 2 500 6 85.1 6.366385485
8 10 250 2 256 7 86 3.259589368
9 10 300 2 217 2 81.2 2.7630113
10 10 350 2 147 2 82.6 1.871717332
11 16 150 2 156 4 78.9 0.775903231
12 16 200 2 200 5 72.1 0.994747732
13 16 250 2 562 5 83.1 2.795241127
14 16 300 2 241 4 85 1.198671017
15 16 350 2 108 4 86 0.537163775
16 18 150 2 876 4 94.4 3.442564003
17 18 200 2 214 6 88.4 0.840991663
18 18 250 2 189 5 89.2 0.742744973
19 18 300 2 174 5 92 0.683796959
20 18 350 2 200 4 95.6 0.785973517
21 20 150 2 167 4 925 0.531593188
22 20 200 2 201 5 97.2 0.639821741
23 20 250 2 189 4 96.3 0.601623428
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24 20 300 2 175 5 94.1 0.55705873
25 20 350 2 325 5 96.5 1.034537641
26 6 150 3 986 3 82.7 34.87364493
27 6 200 3 1000 2 86.9 35.36880825
28 6 250 3 956 2 85.7 33.81258069
29 6 300 3 812 4 75 28.7194723
30 6 350 3 560 5 72.7 19.80653262
31 10 150 3 486 5 81.8 6.188126691
32 10 200 3 500 4 86.4 6.366385485
33 10 250 3 900 4 80 11.45949387
34 10 300 3 541 4 80.2 6.888429094
35 10 350 3 397 6 81.9 5.054910075
36 16 150 3 415 5 88 2.064101544
37 16 200 3 600 5 79.1 2.984243196
38 16 250 3 845 4 87.4 4.202809168
39 16 300 3 665 5 95.6 3.307536209
40 16 350 3 475 4 98.7 2.362525863
41 18 150 3 582 5 100 2.287182933
42 18 200 3 330 5 955 1.296856302
43 18 250 3 641 3 99.4 2.519045121
44 18 300 3 290 7 96.6 1.139661599
45 18 350 3 452 5 96.7 1.776300148
46 20 150 3 374 7 89.7 1.190514086
47 20 200 3 250 4 94.9 0.795798186
48 20 250 3 500 8 93.4 1.591596371
49 20 300 3 386 6 95.7 1.228712399
50 20 350 3 297 6 96 0.945408244
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o1 6 150 4 1000 9 89.2 35.36880825
52 6 200 4 1201 12 86.2 42.47793871
53 6 250 4 1576 10 83.2 55.7412418
54 6 300 4 956 5 87.2 33.81258069
55 6 350 4 678 9 75.3 23.98005199
56 10 150 4 758 8 82.1 9.651440395
57 10 200 4 601 8 87.4 7.652395353
58 10 250 4 754 7 931 9.600509311
59 10 300 4 756 7 98.4 9.625974853
60 10 350 4 825 5 97.5 10.50453605
61 16 150 4 690 7 97 3.431879675
62 16 200 4 685 5 86 3.407010982
63 16 250 4 600 6 84.7 2.984243196
64 16 300 4 745 6 82.4 3.705435302
65 16 350 4 766 5 82.6 3.809883813
66 18 150 4 515 4 95.3 2.023881805
67 18 200 4 584 5 100 2.295042669
68 18 250 4 712 5 102.1 2.798065719
69 18 300 4 623 3 101.1 2.448307504
70 18 350 4 700 7 100.8 2.750907308
71 20 150 4 622 5 95.6 1.979945886
72 20 200 4 500 7 92.3 1.591596371
73 20 250 4 658 4 98.1 2.094540824
74 20 300 4 501 8 85.6 1.594779564
75 20 350 4 496 6 101 1.5788636
76 6 150 5 1200 13 86.3 42.4425699
77 6 200 5 1145 12 80 40.49728544
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78 6 250 5 1150 9 79.4 40.67412949
79 6 300 5 900 10 75.4 31.83192742
80 6 350 5 578 10 86.3 20.44317117
81 10 150 5 325 5 80.4 4.138150565
82 10 200 5 1200 10 77.1 15.27932516
83 10 250 5 745 6 85.3 9.485914372
84 10 300 5 600 10 90.3 7.639662582
85 10 350 5 640 8 84.2 8.14897342

86 16 150 5 499 9 96.3 2.481895591
87 16 200 5 779 9 84.1 3.874542416
88 16 250 5 589 5 1002 2.929532071
89 16 300 5 703 5 935 3.496538278
90 16 350 5 1000 11 100.8 4.97373866

91 18 150 5 900 8 96.5 3.536880825
92 18 200 5 1185 12 99.7 4.656893086
93 18 250 5 751 6 82.1 2.951330555
94 18 300 5 345 5 96.4 1.355804316
95 18 350 5 896 8 100.8 3.521161354
96 20 150 5 658 8 96.5 2.094540824
97 20 200 5 700 7 97.5 2.22823492

98 20 250 5 641 6 98.7 2.040426548
99 20 300 5 895 9 86.2 2.848957504
100 20 350 5 798 6 83.3 2.540187808
101 6 150 6 1124 12 74 39.75454047
102 6 200 6 800 9 85 28.2950466

103 6 250 6 778 8 75 27.51693282
104 6 300 6 625 6 85 22.10550516
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105 6 350 6 900 8 96 31.83192742
106 10 150 6 508 7 75 6.468247652
107 10 200 6 745 7 100 9.485914372
108 10 250 6 523 5 95.6 6.659239217
109 10 300 6 965 9 100.1 12.28712399
110 10 350 6 1126 13 81.5 14.33710011
111 16 150 6 692 5 935 3.441827153
112 16 200 6 785 6 100 3.904384848
113 16 250 6 693 7 112 3.446800891
114 16 300 6 1000 9 96.7 4.97373866

115 16 350 6 896 8 89.5 4.456469839
116 18 150 6 1298 14 100.4 5.100968123
117 18 200 6 1201 13 96.3 4.719770967
118 18 250 6 639 6 924 2.511185386
119 18 300 6 758 7 100.7 2.978839628
120 18 350 6 548 8 98.4 2.153567436
121 20 150 6 1124 13 925 3.577908642
122 20 200 6 745 6 935 2.371478593
123 20 250 6 852 7 86.4 2.712080216
124 20 300 6 968 9 94.2 3.081330575
125 20 350 6 2150 13 100 6.843864396
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for Prediction of Rock Properties using Acoustic Frequency during Core Drilling
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Taylor&Francis), 15(4), 297 - 312.
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Engineering, (Springer Under-Review).

International Conferences

1.

Kumar, Ch.V.,Vardhan, H. and Murthy, Ch.S.N. (2016). “Laboratory Investigations
on Diamond Core Drilling Operations”. ENCO 2019 International Conference and
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20™ to 22" February - 2019, Vigyan Bhawan, New Delhi, India.
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2. Kumar, Ch.V., Murthy, Ch.S.N. and Vardhan, H. (2020). ‘“Prediction of Specific
Energy Using Dominant Frequency of Acoustics Produced During Diamond Core
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Aeronautical and Mechanical Engineering ERCAM, 20" to 22" February - 2019,
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https://doi.org/10.1063/1.5141576

National Conferences

1. Kumar, Ch.V., Murthy, Ch.S.N. and Vardhan, H. (2016). “Noise Assessment in
Mines — A Critical Review.” Concurrent Advances in Mechanical Engineering
Journal, 2 (1), 6-11. National Conference FAME 2K16, 8™ to 9" August - 2019.

Thalassery, Kerala.
2. Kumar, Ch.V.,Vardhan, H. and Murthy, Ch.S.N. (2016). “Influence of Thrust and
Noise levels on Operational Parameters in Diamond core Drilling Operation”.
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Association. Pondicherry, 13" to 14™ July - 2018.

Abstract of published papers are incorporated
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