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ABSTRACT 

A dynamic model for a new principle of self-excited percussive - rotary drilling is 

presented. The system uses the stick-slip phenomenon to generate an impact action 

superimposed on the drilling process. This is a strongly nonlinear mechanical system 

with two-degrees-of-freedom, in which friction-induced vibration is used for 

excitation of impacts. The model has to take account of the returning effect that the 

impacts have on the parameters of stick-slip motion. The model incorporates friction 

force as a function of sliding velocity, where the self-excitation of coupled vibration 

of the rotating bit and the striker tend to a steady-state periodic cycle. Dynamic 

coupling of vibro-impact action with the stick-slip process brings innovative adaptive 

features into the drilling process. 

The dynamic behaviour of the system with and without impact is studied 

numerically. Special attention is given to the analysis of the relationship between the 

sticking and the impacting phase of the process to achieve an optimal drilling 

performance. This research gives the understanding of mechanics of the percussive -

rotary drilling and the design of new drilling tools with advanced characteristics. 

Conventional rotary - percussive drilling requires two independent actuators and a 

special control for synchronisation of impact and sliding. In the approach presented 

here, a combined complex interaction of drill bit and striker is synchronised by a 

single rotating drive, allowing for the self-adjustment of vibro-impact activities. 

The penetration of a drilling tool into a hard medium under periodic impact action is 

analysed. A phenomenological visco-elasto-plastic model of the media is used. The 

system response is studied numerically, first as a forced vibration and second as a 

result of the self-excited vibro-impact process. Some relief of the main drive was 

obtained and an increase in the rate of penetration was observed with increased 

impact intensity and hardening of the medium. Results of the preliminary drilling 

experiment with superimposed dynamic action have shown an improvement in the 

rate of penetration. 
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Chapter 1 
INTRODUCTION 

----------



---- --------

I. Introduction 

INTRODUCTION 

1. IMPORTANCE OF DRILLING 

Drilling of man made or natural rocks in mining, tunnelling, petroleum 

exploration, road and construction engineering requires high power input. 

Efficiency, speed of penetration and energy consumption are major factors of 

drilling technologies. The resistance of the rock formation being drilled where 

penetration, separation and friction play the dominant role affects these factors. 

The overall effectiveness of the system is affected by the ability of the drill bit and 

drill string to keep to a target performance that is independent of the 

characteristics of the rock formations. 

In 200 I, over 5,600 drill rigs of different categories were counted worldwide 

(www.worldoi1.com. 2002). These included land rigs, jack-up rigs, barges, drill 

ships, semi-submersibles and others. There exist two groups of drilling rigs, 

namely land rigs and offshore rigs. The land drilling rigs are mainly rated by their 

power and drilling depth, whereas the offshore rigs are rated by the depth of water 

in which they can operate. The offshore rigs come in the form of barges, jack-ups, 

drill ships, semi-submersibles and platform rigs. Barges operate in shallow calm 

water less than 20m deep. Jack-ups are mostly utilised in water less than lOOm 

deep. Semi-submersible and the drill ships are used in depths of over lOOm. 

The bits and the equipment used in dril1ing for gas or petroleum are expensive. 

The cost of operating a dril1ing system depends on the rate of penetration and on 

bit life. Short bit life or frequent breakage of the drill string increases the cost of 

the operation. Once a dri11ing rig is set up it should operate for 24 hours a day 7 

days a week. Offshore dril1ing costs about £\04.16 per minute, which is £150,000 

per day. Consequently, every effort is made to minimise the breakdown and 

servicing time, the activities on the dril1ing rig are reported every quarter of an 

hour. On average the drilling of a production well in the North Sea with an 
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offshore rig costs from £6 million to £20 million and the well can be active for 20 

years at production rates between 2000 and 50,000 barrels of oil per day. The 

expenditure on a field development can reach £20 million; however a production 

of 40 million barrels of oil at $22 per barrel will bring in $880 million or £586 

million (www.lealtd.com. 2002). 

Current trends of drilling require a high rate of penetration, stable operation, long 

bit life and reduced consumption of energy. It is known that in rock drilling, 

friction consumes a great amount of the energy imparted to the drilling string, and 

this induces complex vibration, which harms the entire system in terms of 

productivity and life span. Dry friction induces negative side effects such as wear, 

squeal, noise and self-sustained vibration. It is also known that the stick-slip 

motion inducing torsional vibration in drilling leads to failure of drill pipes, 

intensive bit wear and an increase overall cost. Drill string vibration is complex 

in nature, and couples axial, bending and torsional vibration. 

Investigations of vibration in drilling are generally carried out by studying each 

aspect independently of others, namely Finnie and Bailey (1960), Pasley and 

Bogy (1963), Dareing and Livesayn (1968), Mitchell and Allen (1985) and Kaski 

(1993). Elsayed et at (1997) suggested a model of coupled torsional and axial 

vibration caused by a fluctuation in the phase angle between surface undulation 

and cutters. In his work, Brett (1992) suggested that the bit torque dependence on 

bit velocity induces identical vibration. Jansen (1991, 1992 and 1995) has studied 

different dynamical behaviour of drill strings such as stick-slip motion, whirling 

and impact on the borehole. Bit stick-slip motion has been studied by Kyllingstad 

and Halsey (1988). Jansen (1995) suggested an active damping system for self

excited torsional vibrations and an interesting observation he made is that at 

impact against borehole vibration disappears. However, he did not point out the 

reason for such behaviour. Measurement of drill string velocity at the surface and 

at the bit has shown that drilling systems exhibit properties of torsional 

oscillation. This means that the surface table rotates at a constant velocity whilst 

the bit in the hole has a vibrational motion that consists of constant speed and 
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superimposed torsional vibration, (Jansen, 1992). Due to heavy thrust, the bit 

intermittently ceases to turn and throughout the standstill time, the drill-pipe is 

over-torqued (up to IO,OOONm, Jansen, 1995) until the bit breaks through freely. 

At this last instant, the rotational speed of the bit becomes much higher than the 

velocity at the surface table. This kind of motion has been identified as self

excited vibration, Dawson and Spanos, 1987, Brett, 1991 and Dufeyete, 1991. The 

frequency of this type of vibration is about O.05-0.5Hz, which is below the first 

natural frequency of drill string torsional vibration (Jansen, 1992). 

In drilling technologies, there is a variety of equipment available to suit a given 

drilling requirement. The hammer drill and rotary drill are widely in use. In rotary 

drilling, cutting of rock is achieved by a rotating drill bit under thrust. Material is 

removed in the form of dust or chips as a result of the scraping and shearing 

action of the cutting edges. To obtain big chips and a high rate of penetration, 

more thrust is required. Hence, this method of drilling suffers from twisting, 

breakage of the pipes and a high level of friction. Percussion drilling is preferable 

in very hard sedimentary rocks because of low bit wear and fast penetration but 

this method cannot produce the same rate of penetration at greater depth as rotary 

drilling. 

To eliminate the aforementioned negative aspects, improvements are constantly 

brought in through new concepts of drilling and new designs. These new 

approaches have to consider the efficient use of energy as an important factor, 

bringing an increase in bit life, rate of penetration and a reduced overall cost. 

Simple rotary and percussive hammer drilling as conventional methods have had 

limited success. However, the combination of simultaneous rotation and 

percussive action, (the concept of vibro-impact drilling) introduced in the last 

decades has proven to be highly effective. 

The US Patent Office holds a number of patents on the subject of rotary

percussive drilling or vibratory rotary drilling. In most patents, the suggested 

devices for rotary-percussive drilling require two independent actuators for 
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rotation and impact respectively, (Fish, 1956 and Lacabanne, 1955, US pat. No 

5730230, 4430926, 41665074). Some use complex mechanisms, which need 

special synchronisation of their co-action. Others techniques employ different 

fluids such as drilling mud, oil or inert gas in specially designed cavities to 

generate the vibratory process, US pat. No. 3105560, 4502552 and 3016098. 

These techniques often do not provide means of control of the frequency of 

impact, except those, that use a cam to drive the percussion unit, US pat. No 

5730230 and 3132702. The hardness of rock fonnation randomly varies in the 

course of drilling and it is important to adjust the parameters of the drilling system 

accordingly, for example the impact frequency and the energy of blow. Although 

these apparatuses give acceptable results, they do not incorporate mechanisms 

simple enough for such adjustment. The US pat. No 5730230 given to Sisler 

discloses an apparatus, which provides a control of the frequency of impact in the 

fonn of interchangeable cams of predefined shapes. The problem of friction and 

friction-induced vibration is not addressed in these techniques. 

Current drilling techniques have good perfonnance and offer satisfactory results, 

yet these techniques still face the problem of friction and self-adjustment to the 

fluctuation of the hardness of the rock fonnation during the drilling process. If 

any adjustment is provided, it requires a complete stop of the drilling system and 

human intervention. 

The aim of this investigation is to develop a new concept of percussive-rotary 

drilling, which combines the advantages of both rotary and hammer drilling. This 

is sought by maintaining and fine-tuning the existing vibration in the process of 

drilling. Because torsional vibration results from the bit's stick-slip motion, a 

proper correlation of friction properties with the driving velocity gives an 

opportunity to harness the detrimental effect of stick-slip. This investigation uses 

the friction-induced stick-slip motion to produce a hammering effect upon the bit. 

The intensity of impacts is regulated by the physical properties of the fonnation 

currently being drilled. A single source of energy is used to drive the bit in 
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rotation causing the percussion unit to be excited by the stick-slip process. This 

allows the eradication of the dynamic overloading of the main drive and offers an 

effective protection of the drill string from hazardous vibration. 

This present work proposes a "self-oscillatory system" for generating a coupled 

rotary-impact-drilling mode. This provides an adaptive feature to the drilling 

system whereby the intensity of vibro-impact process is regulated by resistance of 

the medium. The system synchronises dynamically its stick-slip and impacting 

actions to ensure best use of driving energy. Torsional vibration therefore, is 

localised at bit suspension level. Because torsional vibration results from bit stick

slip motion, which is induced by dry friction, the organised correlation of friction 

properties and driving velocity gives the opportunity to convert a detrimental 

effect into a useful process. 

2. RESEARCH OBJECTIVES 

The main objective of this research work is to develop a mathematical model of a 

vibro-impact mechanism, which exploits the work of friction in rock drilling 

systems as a driving force. A further aim of this investigation to develop a 

mathematical tool to study numerically all the parameters of such a mechanism 

revealing its dynamic behaviour and to open a new area for designing drilling 

systems. 

These objectives are approached through a number of tasks. 

i) A review of the existing techniques in the field of rock drilling is carried 

out. In coal mining, tunnelling, water well drilling and minerals, gas and 

oil exploration, different equipment and methods are in use. It is vital to 

comprehend the basics of operation of these techniques and the principle 

of interaction between the tool and the medium. 
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ii) Friction is dominantly involved in the drilling process; thus, it IS 

thoroughly investigated to develop a new hypothesis of the causes of 

friction-induced vibration. 

iii) Vibro-impact systems are studied in order to understand their dynamic 

behaviour and why they are important in this investigation. 

iv) A pilot study was carried out on an experimental rig with a 72mm tricone 

bit. This helped to evaluate the effect of the applied vibration, which was 

performed by a vibration generator. A uniaxial test was made for 

estimating the compressive strength of the rocks used in this research. 

v) The aforementioned stages helped to develop a novel mechanism, which 

exhibit a vibro-impact process applicable to drilling. This mechanism was 

studied at this stage and the dynamic behaviour of the model was 

investigated. 

It is hoped that the outcome of this research will be a novel approach to vibro

impact drilling, which hamesses the detrimental effect of friction-induced 

vibration. 

• A new concept for the design of such a mechanism will be brought forward 

with a clear understanding of its dynamical behaviour. 

• The results from the numerical analysis should provide basic material for the 

development of new design concepts. 

• The developed model will display self-synchronising and self-adjustment 

properties. The activities of the vibro-impact process will be automatically 

adjusted by the properties of the rock formation being drilled. 

• This mechanism will provide us with an advancement of knowledge and 

show up ways of energy saving and drill string protection compared to 

existing prototypes. 

• The developed numerical tool will allow the defining of actual parameters of 

the system useful for design purpose. This tool should be able to predict the 

dynamic behaviour of such a system. 
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3. THESIS OUTLINE 

Due to the nature of this topic which involves systems with strong nonlinearities 

such as vibro-impact, dry friction, drill string dynamics and rock mechanics, some 

parts of the literature review are presented in the respective chapters on those 

topics. This is to ease the consistency and coherence of the material presented in 

this work. This thesis is concerned with four aspects of engineering, namely, rock 

drilling and drilling systems, dry friction and the phenomenon of lifting, vibro

impact assisted drilling of hard rock, and rock fracture. 

Chapter 2 gives a review on drilling methods and systems. The historical 

development of techniques in this field is presented and some problems are 

exposed. Vibro-impact systems are also explored in this section. 

Chapter 3 is devoted to the problem of friction and a description of the interfacial 

mechanism is made from a viewpoint of the vibro-impact process, which occurs at 

a micro level. A new hypothesis for the lifting of the slider is suggested. 

A pilot study is carried out in chapter 4. The experimental work, which helped to 

develop the model of the new concept of drilling, is described. 

Chapter 5 deploys the modelling and the development of the mathematical tool 

for extensive study of a proposed model for the self-oscillatory mechanism for 

percussive-rotary drilling. 

The description of the model of percussive- (rotary) fracture of brittle hard rock is 

outlined in chapter 6. 

Chapter 7 brings a closing discussion and summarises the effect of variation of the 

system parameter on the performance of the system. 

The final chapter gives some recommendations and guideline for further work, 

which is supported by a grant from EPSRC. 
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2. Background To Drilling 

BACKGROUND TO DRILLING 

1. HISTORICAL DEVELOPMENT OF DRILLING 

Human activities have always involved drilling in different aspects. The history of 

drilling dates from the ancient Egyptians who used corundum dust and pebbles to 

bore holes in porphyry. The ancient Chinese drilled deep holes for water in loess by 

the repetitive lifting, dropping and rotating of coupled bamboo rods, (Mcgregor, 

1967). 

In modern times, hand-hammer drills for shotholes were in use in tunnels, railway 

cuttings and mines until superseded by power drilling. These techniques could 

produce an overall rate of drilling of about 0.3m an hour when drilling a hole of 32 

mm diameter to a depth of 0.6m, provided that the rock was not too hard, (McGregor, 

1967). An alternative method, the hand churn drill, was suitable for drilling holes to 

ISm or so, with relatively larger diameters than the hammer drills. It is of interest to 

list some of the landmarks in the history of modern rock drilling, (Mcgregor, 1967): 

• 1810-1820 Trivithick in Britain built a steam-driven rotary rock-drilling machine. 

• 1830-1840 Steam churn drill developed by Isaac Singer (USA), of sewing

machine fame. 

• 1850-1860 Drills with a power stroke were invented. 

• 1860-1870 Compressed air used as an operating medium for rockdrills in an 

Alpine tunnel; a commercial piston drill was patented by Burleigh in America; a 

diamond-drill was produced by Bulock (USA) and diamond-tipped bits by 

Leschot (France); a toothed roller cutter bit was used in America. 
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• 1870-1880 A diamond-drill hole reached over 670m; Ingersol (USA) improved 

the rock-drill and invented the tripod; Rand (USA) developed mining drills; Hall 

(USA) produced the Sullivan diamond drill. 

• 1880-1890 A diamond-drill hole reached 1750m; Holman (GB) produced a rock

drill. 

• 1890-1900 Commercial pneumatic rock-drills were being produced by Cleveland, 

Chicago Pneumatic, Gardner-Denver, Hardy-Pick, Holman Bros., Ingersoll-Rand 

and others; rotary coal drills were in use; Davis (USA) developed a steam rotary 

oil-well rig; Leyner invented the hammer drill, the hollow drill steel and the 

shank, which still bears his name. 

• 1900-1910 Hughes (USA) perfected the tricone bit. 

• 1920-1940 Tungsten-carbide first used on drill bits (Germany) 

• 1940-1966 Tungsten-carbide bits perfected; invention and general acceptance of 

down-the-hole drills; introduction of turbine drills. 

Lummus, (1969) and Alien, (1981), have identified four periods in the establishment 

of drilling technology: 1888- 1920 conception stage, 1920- 1948 development period, 

1948- 1968 scientific evolution, 1968 automation. 

Above mentioned methods of drilling can be divided into the following groups; chum 

drilling, hammer drilling and rotary drilling. 

The drop drill derived from the hand churn drills, had its drill bit lifted by a cam or 

crank and then dropped freely in similar fashion to a mill stamp. To accelerate the 

down blow, springs were used and later, a steam operated machine was introduced. 

The well (or diesel chum) drill was superseded by the pneumatic piston drill and 

other drilling machines, but all were obsolete by the early 1920's. 

The air hammer drill introduced with similarity to the hand hammer method was the 

forerunner ofthe modern percussive rock-drill and pneumatic tools. The independent 

rotation drills and down-the-hole techniques appeared along with hand augering, and 
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these led to the diamond drill, the power auger, the coal drill, rotary table rigs, oil 

well rigs and top-drive rotary rigs. 

Drilling in general can be divided into three operating groups. Exploration drilling is 

concerned with the lithological and structural configuration of deposits in the search 

of qualitative and quantitative data. The second group of drilling seeks for 

geotechnical data of formation for study purposes and makes use of core samples to 

determine the mechanical and behavioural performance of rocks. The third group 

covers special purposes namely, foundations in constructions, hydrological drilling, 

routes for roads and offshore dri IIing. In all these dri IIing groups, the fundamental 

drilling process can be divided into two types depending on how the energy is 

transmitted to the medium; namely, hammer (percussive) drilling and rotary drilling. 

Compressed air, water, foam and special mud are used to cool the tool, to clean the 

hole and to transport the cuttings up to the earth surface. 

2. PERCUSSIVE DRILLING 

This method of drilling is used for hard and very hard formations and it relies entirely 

on crack propagation and brittleness in the formation. The rock is cut off the 

formation by repetitive impact of the drill bit. Figure 2.1 presents a typical 

configuration of a percussive drilling system. Commonly, percussive drills consist of 

a piston that imparts blows to the drill rod. The piston strikes the drill rod through an 

adapter and the generated compressive pulse forces the bit to penetrate and fragment 

the rock. The energy is transmitted to the formation by means of impact waves 

travelling along the drill rod; thus at great depth percussion drilling suffers from loss 

of energy. A built-in rotation device is set to re-index the bit each time so that the 

intact rock is exposed to forthcoming blow. The motion of the piston in a cylinder is 

synchronised with the rotation, which occurs in the intervals between impacts. The 
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rotation occurs when the bit is about to rebound; therefore, it does not participate in 

the process of material removal. 

Related to the percussive drill, are the rock-drill, the motor drill, the down-the-whole 

hammer drill (DTH) and the cable-tool drilling system. 

The DTH drill has a cylindrical pneumatic hammer, which enters the hole 

immediately behind the bit, thus the loss of energy is reduced to minimum. Indexing 

is provided by the continuous rotation of the drill pipe from the earth surface. The 

DTH drill has excellent rate of penetration in sedimentary and igneous rocks with low 

feed pressure: there is no rock, which is known be too hard for DTH, (Chugh, 1985). 

2.1 The Cutting Tool 

The main tools in this method of drilling are core-crusher bits, full head bits with 

insert (Figure 2.3 a) and button bits (Figure 2.3 b). The body of bits is made of 

special alloy steel and heat-treated to provide high fatigue strength. The name "button 

bit" comes from the semi-spherical shape of the cutting edge and as these bits have 

many points of contact with the formation, they provide good fragmentation. Button 

drills are able to drill about four times longer than full head bits, however in highly 

abrasive formation, full head bits with inserts have a better performance. The DTH 

hammer can drill up to 50cm/min in weathered limestone, 25cm/min in hard 

limestone. In weathered granite it drills at up to 25cm/min falling to about IOcm/min 

in hard fresh granite, (Chugh, 1985). Conventional percussive drills deliver holes up 

to 4.0inch/\O\ mm in diameter whereas the DTH drills give a larger diameter, about 

8.5 inch/216mm. Figure 2.2 depicts the configuration of the down the hole hammer 

bit. 
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Figure 2.1: Main components ofa percussive drill; (Beccue) 

Figure 2.2: Down the hole hammer, (Drillers training) 

Figure 2.3: a.- full-head bit with inserts; b.- button bit; (Chugh, 1985) 
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Percussive drilling produces high rates of penetration in hard and very hard rock. 

However it has some limitation in soft and cohesive formations. In such cohesive 

rocks rotary drilling is preferable. 

3. ROTARY DRILLING 

Among all drilling methods and conditions, rotary drilling is economical and versatile 

giving the best performance in almost all rock formations. The material is removed 

from the rock formation in three different ways. In attritive cutting, the rock is ground 

away by abrasive action. For rotative-cutting, the rock is cut or planed away. In 

rotative-sharing, the rock is fragmented by wedge action and shear. 

In rotary drilling, the energy of deformation is transmitted down to the bottom hole 

through a jointed steel pipe (drill string). The drilling systems are made up of a 

motor, rotary table, drill pipes, drill collar and bit. Through a gearbox, the motor 

drives the rotary table that rotates the drill string and the bit. The rotary table is 

typically a heavy flywheel that is use to smooth irregularities in angular velocity. 

Figure 2.4 depicts the main components of a rotary drilling rig where the arrows 

show the flow of the drilling fluid. The drill string is supported at the earth's surface 

such that the upper part of the string is in tension and the lower part in compression. 

The point separating the tension and compression section is known as the "neutral 

point", which is predetermined for a given drilling configuration. The cutting power 

in rotary drilling depends on the compressive stress exerted upon the rock by an 

extremely heavy weight on the bit. The load on the bit is secured by partially 

releasing the weight of the string on the bit. The thrust in some rock reaches 4200 kg 

per inch of bit diameter, (Driscoll, 1986). This sometimes leads to a twist and a 

breakage in the drilling string. The drilling capability of this method depends on 

concentration of a high pull down pressure on a small area. 
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Figure 2.4: Rotary drilling system, (Chilingarian, et at) 
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In the case of drilling with a tricone bit, the total area of teeth is approximately 3/1 6th 

of a (square inch) of bit diameter and, for a bit of 16 inch in diameter, the pull down 

pressure is concentrated only on 3inch square. In general, the weight on the bit varies 

from 1350kglinch of bit diameter for soft and medium rocks to as much as 

3000kglinch for hard formations, (Chugh, 1985). The rotary drill provides a wide 

range of holes, up to 914mm in diameter, (Chugh, 1985) and can drill to great depth 

in sedimentary and hard rocks with a considerable variety of tools. 

3.1 The Tool 

Rotary drilling uses a variety of tools such as an auger, a tricone bit with milled teeth 

or tungsten carbide inserts, a full head bit with insert, a drag bit, a diamond bit, a core 

drill or retractable bits. The choice of the tool depends on the hardness of the rock 

and on the purpose of the drilling. Some tools are shown in Figure 2.5 and 2.6. 

Among these tools, tricone bits have a special design, which makes them suitable for 

soft, medium or hard formations. The cutter has a form of rolling cone and the bit is 

made of three cones, bearing pins, bearing rollers, bearing balls and the bit body. The 

basic elements of a tricone bit are shown in Figure 2.7. The teeth are arranged in 

circumferential rows inter-fitting in between rows of adjacent cones. On the cone, the 

axes of the teeth are not parallel and this is seen in Figure 2.7. The cutting action is 

defined by the position of both apexes of the cone I and the offset of the cone centre 

lines so that they do not intersect at the bit rotation centre (see Figure 2. 8). The cone 

offset induces a scraping action, which increases the rate of penetration. Three types 

of design are encountered:- the true rolling design (Figure 2. 8a), the soft formation 

design and the hard formation design. The true rolling design has the cone apexes 

crossed in the bit rotation centre and the cones roll without slippage or scraping. 
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Figure 2.5 Rotary drilling tools; 

a.- auger drill; b.- odex, (Chugh);c.- POC bit; 

d.- diamond core bit (Huge-Christensen) 

Figure 2.6: Rotary drilling tools, (Nougaro) 

a.- tricone bit; b.- roller core bit 
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Figure 2.7: Main components oftricone bit, (Smith tools) 

Figure 2. 8: setting of the rolling cones in a tricone bit, (Smith tools). 

Figure 2.9: Layout of the rolling cones, (Chugh) 
a. - true rolling cones; b.- offset cones 
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In the soft formation design, the cones have two basic cone angles and rotate with a 

scratching and chiselling action appropriate for soft rocks. For the hard formation 

design, the cones have a small offset from true rolling, which produces a crushing 

action on the medium. The roller bearings and the bushing friction bearing at the nose 

of the cone endorse the main part of the radial load. The ball bearings hold back the 

cone and stand both radial and thrust loads. 

The cutting elements of a tricone bit are steel teeth or tungsten carbide inserts. Steel 

teeth are milled or forged and carbide inserts are of four major forms:- extended 

chisel for soft formations, chisel for medium and slightly abrasive rocks, blunt chisel 

for hard abrasive rocks demanding high weight on the bit, and long dome and ovoid 

for very hard abrasive formations with maximum weight on the bit. 

Tricone bits are made of a special alloy steel, which provides high resistance to 

dynamic load and wear. The steel teeth cones are forged from nickel-molybdenum 

alloy steel AISI 4815, which contains 3.5 per cent nickel and 0.25 per cent of 

molybdenum, (Chugh, 1985). The cones are then carburised from a depth of 1.8mm 

up to 3.3 mm, then cooled and heat-treated. This process provides the cone with a 

tough outer sink, which is good for chipping and breaking resistance. The high 

carbon carburised case under the sink bears maximum strength and wear-resistance. 

The refined core has a best mixture of strength and toughness, hence has maximum 

impact resistance. Tungsten carbide teeth cones are made of similar steel specially 

designed for this purpose but containing more carbon. 

3.2 Development of Down the Hole Motors 

The early down-the-hole motors were patented in 1873. These motors are 

cylindrical and enter the drilled hole right behind the drill bit. In Western 

Europe, the first turbo drills appeared in 1938-1940 and were built by Voith, a 
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Gennan finn. On the other hand, they did not have great success until 1956. 

However, in Soviet Union, turbo drills have been widely in use since 1934. 

Soviet turbines were adapted to use conventional rock drill bits (approx. 93-95 

per cent of the bits used). The use of turbines in drilling reached 65 per cent in 

1953 and up to 86.5 per cent in 1959 Cough, (1985). Another modification of 

the turbo driII is the bit-motor drive introduced in 1966 in USA. The turbo drill 

and the bit-motor drive with positive displacement, designed to operate at a 

standstill drill pipe are powered with hydraulic motors. Both motors differ in 

the way the hydraulic power is transfonned into mechanical cutting energy. 

The operating principle of a turbo drill is based on centrifugal fluid mechanics, 

whereby a fluid flowing directly on to rotary angular blades drives the tool. In 

the bit-motor, the drive has a progressive cavity design where a pressurised 

hydraulic fluid pushes a sealed cavity. The sealing being able to move, rotates 

under such force, and hence produces the necessary energy conversion. This 

type of drive perfonns better in directional drilling than in turbo drills. 

With respect to perfonnance, the torque of the turbo drill is a function of the 

rotational speed, whilst the motor-drill has a torque as a function differential 

pressure. It follows that the output power of a turbo drill depends on speed, 

whereas positive displacement motor bit delivers a power, which is a function 

of pressure. 

3.3 Rotary Drilling with Down the Hole Motors 

In rotary drilling, regardless of the depth, a rotary table spins a long drill string 

(made of pipes), collards and the bit. A heavy thrust is exerted on the bit to 

cause its penetration into the rock. It has been estimated that when drilling at a 
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depth greater than 2400m, less than 10 per cent of supplied power is transmitted to 

the bit, (Chugh, 1985). The introduction of down-the-hole motors puts the power 

right at the bit. Consequently, the requirement of power is minimised as well 

as the wear and torsional stresses in the drill pipe. Down-the-hole motors are 

used instead of conventional rotary drilling at depths greater than 2100 metres. 

This method does not suffer from speed and torque limitations as in 

conventional rotary drilling due to the dynamic torsional strength of the pipes. 

4. COMBINED TECHNIQUES 

Percussive drilling is fast and preferable in hard rocks; however this method drills 

relatively small holes in diameter. The rotary drilling can be used for almost all rocks 

but it requires an extremely heavy thrust, which harms the drill pipes and the tool. To 

use advantages of both percussive and rotary drilling, a combination of these methods 

has been used along with new techniques. In the early 1920s, a percussive-rotary 

method of drilling was invented and in 1927 a hydraulic vibratory drilling tool was 

patented, US pat. No. 1646959 to Fisher. In the I 940s, the down the hole motors and 

turbine drills were introduced to increase the efficiency of rotary drilling. 

Other techniques had been explored in the 1950s and 1960s such as, spark drills, 

pellet drills, electro-hydraulic crushers, explosive drills, erosion drills, ultrasonic 

drills and heat drills. 

5. DRILLING FLUID 

In both types of drilling, the cuttings are transported up to the earth surface by means 

of a drilling fluid. Until 1863, the importance of drilling fluid was neglected 

(Chilingarian, 1983). The drilling fluid may be water-based, oil-based or gaseous. 
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The term "drilling fluid" relates to all flowing substances that are used to flush the 

cuttings out of the hole namely oil, water, mud, gas or air. The drilling mud is made 

up of a suspension of solid particles in water or oil or of a mixture of specially 

formulated liquids, often with the addition of chemical substances. 

The viscosity and the specific weight of the drilling fluid are important properties in 

the drilling process. The lifting capacity of the drilling fluid augments with the 

increase of its specific weight. A high percentage of cuttings are lifted by a drilling 

mud with low viscosity, (Chiligarian et aI., 1983) 

The primary function of the drilling fluid is the flushing of the cuttings and the 

cleaning of the bottom of the hole. However, the drilling fluid is also used to cool and 

lubricate the bit and the drill string. 

In Figure 2.4, the arrows indicate the circulation of the drilling fluid. Injected into 

the drill pipe, the drilling fluid carries the cuttings from the bottom of the hole and 

flows upward between the hole wall and the pipe. At the earth surface, the cuttings 

are removed by a shale shaker (vibrating screen), which is placed above the mud pit. 

The cleaned fluid from the mud pit is then pumped back into the drill pipe. 

When using compressed air as a drilling fluid, the dust collector (cyclone separator) 

or filtering systems must be secured to protect the workers and the environment. 

Wetting systems are also used to reduce the dust produced by the compressed air 

flushing. This is accomplished by injecting a given quantity of water or a solution of 

water and drilling foam into the air flowing towards the bit. Any generated dust is 

wetted at the bottom and the damped particles with the cuttings are carried up out of 

the hole. 

There is a wide range of commercially available drilling fluid and the choice of a 

fluid depends on several properties, which are functions of the drilling parameters. 
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Often for small holes, percussive drilling is the preferred option because only 

compressed air is required to drive the hammer and to flush the cuttings. 

6. CHOICE OF DRILLING METHOD 

The choice of drilling method is defined by the hardness and abrasiveness of the 

formation and the size of the hole. Percussive drilling produces relatively small holes. 

Thus, if the diameter of the hole to be drilled is greater than 250mm, a tricone bit will 

be used whatever the hardness of the rock. To drill holes with diameters between 100 

and 165mm in hard rock, the percussive method is preferable and the DTH will be 

the most economical method because no drilling mud is required. 
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3. Friction Modelling 

FRICTION MODELLING 

1. INTRODUCTION 

Friction is the antagonistic force, which always exists between contact surfaces of 

two bodies in relative motion. It resists forthcoming motion (static friction) and 

dynamically stands against established motion in the system (dynamic friction). 

The classical Coulomb friction law assumes the coefficient of friction to be 

constant and equal or less than the coefficient of static friction. In engineering 

mechanisms with relative motion, dry friction induces negative side effects such as 

wear, squeal (high frequency noise), chatter (low frequency noise) and self

sustained vibration. Some examples of self-sustained vibration are the squeak of 

doors or shoes, the squealing of railway wheels or car brakes and the stick-slip 

motion in mechanical systems. In vibration control, dry friction finds useful 

application for its damping properties. Vibration generated by friction is often 

termed mechanical relaxation oscillation. 

The force of friction between two surfaces in relative motion has been investigated 

since the works of Amontons (1699) and Coulomb (1785). The study of friction

induced vibration in the early years was carried out mainly at the experimental level 

with some analytical approximations. Stribeck (1902) noticed that at low velocities, 

the friction force decreases (Stribeck effect). Lord Rayleigh used the model in 

Figure 3.1 to study the self-sustained oscillation of violin strings. The model is 

made of a mass-spring system riding on an endless belt that moves with constant 

velocity v and considers the friction force as a decreasing function of relative speed. 

This model is still often used to investigate self-excited vibration in mechanical 

systems. In an attempt to measure the coefficient of kinetic friction, Wells (1929) 

.--recorded the stick-slip motion. Thomas (1930) used analytical and graphical 
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methods to solve the equation of vibratory motion of a system with solid friction. 

Den Hartog (1931) studied the stick-slip motion of a single-degree-of-freedom 

mass-spring system with periodic excitation and derived the exact analytical 

solution of for the full cycle of periodic motion. 

On the subject of the origin of relaxation oscillation, many theories have been 

suggested by investigators such as Kaidanovskii and Khaikin (1933) amongst 

others. Kaidanovskii and Khaikin assumed that relaxation oscillation is produced 

by elastic friction during thc inverse relationship between frictional force and 

relative velocity. Based on Rayleigh's conception, their theory did not find the 

source of the large magnitude of the first discontinuity (first slip). Other 

investigators suggested that the decrease in friction with velocity is an attribute of 

the electrostatic effect between rubbing surfaces and also assumed that the force of 

friction decreases with increasing velocity. However, the discontinuity in the 

motion was considered to be caused by the relationship between the magnitudes of 

the friction, velocity, inertia and the rigidity of the system. 

A linearized expression of the friction-velocity curve was developed by Blok 

(1940) leading to the derivation of analytical solutions. He assumed that static 

friction is constant (thOUgh the static friction force does increase with the duration of 

contact.) Dudley and Swift (1949) used a graphical method to solve the equation of 

stick-slip motion. In their work, Sinclair and Manville (1955) concluded that 

frictional vibration is a consequence of the rise of the coefficient of friction during a 

decrease in relative velocity. Derjagin, et al.(l957) developed a theory of critical 

relative velocity at which slip-stick occurs. Kudinov, (1960) developed the 

mathematical theory of self-sustained frictional vibrations with feedback between 

normal displacement and sliding velocity provided that the system is subject to 

hydrodynamic or semi-hydrodynamic lubrication. In such a case, an increase of the 

thickness of lubricant layer induces a reduction of hydrodynamic resistance and 

when the sliding velocity vanishes, the slider sinks. Brockley et af (1967) in their 
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investigation obtained the critical speed which reduces the occurrence of vibration. 

In this expression, friction is a function of time and velocity, and the critical speed 

depends on system stiffness, normal load and damping. 

Tolstoi (1967) highlighted the importance of the dynamic characteristics of 

ftictional motion and stated that there must be a similarity between sliding contact 

friction and the reduction of hydrodynamic resistance. Many factors favour sliding 

friction force to be a decreasing function of slider normal rise. This is because with 

the rising of the slider (a) the depth of indentation diminishes leading to a reduction 

of the true contact area, (b) the non-(;ontact area between the two surfaces 

increases, (c) the resistance of plastic and shear deformation is reduced. 

Experimentally, Tolstoi revealed that the normal displacement of the slider is 

related to contact stiffness as follows: k = -dN/dH, where k is contact stiffness, N is 

the normal load and H is the normal displacement. From his data, he argued that 

sliding contact friction force decreases with the elevation of the slider. However, 

this relationship is highly sensitive to the normal motion of the slider which make 

this function very unstable. 

Tolstoi stated that when there is no normal displacement of the slider, the force of 

contact friction is independent of relative velocity, and self-excited vibration 

ceases. He postulated three conditions under which self-excited frictional vibration 

could settle. 

af <0. dH >0 
aH ' dv 

df ",YL.dH + a.r <0 
dv aH dv av 

T aA, . dH + A aT < 0 
aH dv 'av 

(2.1) 

(2.2) 

(2.3) 
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where,fis the friction force, H slider normal elevation, t is the average shear stress 

in the softer material, v sliding velocity, Ar total actual contact area. The first part of 

equation 2.1 shows that friction force is a decreasing function but its second half 

reveals the instability of this function. However, equation 2.1 is not a sufficient 

condition for vibration to appear. The sufficient condition is that the total derivative 

djldv must be negative (Block, 1940). The first member in equations 2.2 and 2.3 is 

always less than or equal to zero. The second term standing for the resistance to 

shear is positive for constant temperature, Hand Ar are positive constants, and 

hence the condition for the total derivative to be negative is fulfilled. Consequently 

from equations 2.2 and 2.3 above it appears that if H is kept constant, then djldv is 

positive, therefore tangential sliding motion will be smooth (Tolstoi, 1967). 

Furthermore, Tolstoi had noticed a velocity that can maintain elevation H constant. 

This is the velocity at which the asperities squeeze each other down to half their 

initial height, see Figure 3.2. He derived this dependency in terms of shear stress T, 

angle of shear 1, creep viscosity 71, asperity spacing A and asperity height h. 

Moving at a velocity v, the slider (top element, Figure 3.2), needs time 1/ = Alv to 

move from asperity to asperity, but the time necessary for asperities to be 

compressed down to half their initial height can derived from shear stress as 

follows 

Tfh TfY T=-=-
At, I, 

(2.4) 

here Y = hlA (angle of shear), T = JJO"Y' ay the normal yield stress, jJ is the coefficient 

offriction and 71 is the creep viscosity, hence he obtained 

Tfh 
1,=--

JJO" yA 
(2.5) 
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To keep the elevation H constant, the time t\ must be greater than h, (11 L (2), thus 

he expresed 
JUT A.' 

v$ y 

2TJh 
(2.6) 

and the critical velocity below which normal displacement vanishes is defined by 

JJO" A.' v - y 
\ - 2TJh 

(2.7) 

Consequently if the slider velocity is less than v, (V<V/), self-excited vibration 

cannot take place. However, whenever sliding velocity exceeds VI, vibration 

establishes a bumping-like motion. 

Tolstoi concluded that the negative slope of friction-velocity curve is not a natural 

attribute of contact friction but this is the outcome of the normal degree of freedom. 

In addition, when the elevation H is kept constant the negative slop (the falling 

segment) on the friction-velocity characteristics no longer exist. 

Tolstoi, Borisova and Grigorova (1971) in their investigation of kinetic friction 

concluded that the interface coefficient of friction does not explicitly influence 

sliding velocity. They stated that the divergence between apparent static and kinetic 

friction is an outcome of the micro-scale vibration conveying frictional sliding. 

Mahalingam (1975), Rozhestvenkii (1979), Taukhan (1982), and Marui and Kato 

(1984) studied the vibration of systems in which Coulomb friction was 

incorporated. Sakamoto (1985, 1987) used Hertz's theory to define the relation 

between normal contact deflection and the coefficient of friction. A decrease in 

friction force was observed for acceleration in the normal direction greater than 

gravitational acceleration, Ibrahim (1994). 

Thus many studies have been devoted to understanding the interfacial mechanism 

of the friction process. Most relevant to this study, there are two approaches in to 

the investigation offrictional properties of rubbing surfaces. 
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The first is a phenomenological approach, which uses a classical concept to 

describe friction force as a function of sliding velocity. The models involved in this 

context are considered as static friction models such as the classical Coulomb 

friction, Stribeck friction, viscous friction and their derivatives. These models do 

not account for the elastic deformation that occurs prior to the slip of rubbing 

surfaces. However, some models do allow for pre-slip deformation and are seen as 

dynamical models. 

The second is a constitutive approach, which uses the finite-element method to treat 

friction force as a relationship between stress fields and displacement fields. Fractal 

models are also used to characterise the interfacial contact mechanism. The fractal 

model of Weierstrass-Mandelbort (WM), (Majundar et aI., 1991) is employed in 

this approach to define a profile of the roughness of the surfaces in contact. 

Hertzian theory is then used to calculate pressure at the spots of contact. Statistical 

models of surface roughness are applied but require thorough measurement of 

surface parameters. 

An experimental proof of the existence of a lifting force within the friction process 

was pointed out by Stribeck (reduction of friction) and Tolstoi (normal jump). The 

normal elevation (the lifting) of the slider was noted in the experiments of several 

other researchers. The following sections will explore the origin of the lifting 

phenomenon and a new hypothesis is suggested. 
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2. MECHANISM OF CONTACT FRICTION INDUCED VIBRATION 

2.1 Phenomenological description of the friction using impact approach 

When two bodies are exposed one upon another, after a certain finite time the 

harder body imprints itself into the softer one. The asperities of both bodies adhere 

and interlock with each other; this results in a maximum contact area. Several 

studies have shown that the interfacial process is of a complex nature and involves 

the destruction of a thin film between the surfaces, the elastic and plastic 

deformation of asperities, and the shear cutting and destruction of certain base 

material, Kragelskii (1965). Apart from the aforementioned complexity, micro

impacts occur within the process of relative displacement. 

There exist several concepts when studying the process of friction; depending on 

the type of task to be performed, different models of interfacial mechanism are 

proposed. The nature and behaviour of friction is still the subject of ongoing 

research into some aspects that are puzzling researchers in order to develop a better 

model of friction. This is highlighted in the following section which investigates 

micro-vibration and micro-impact as a source of normal displacement. 

I f one of two bodies in static contact is given tangential motion, say the harder, it 

begins to compress opposite asperities of the softer body. The higher the velocity of 

rel!)tive motion, the shorter is the time allocated for elastic and plastic deformation 

of withstanding asperities. Therefore, the slider is compelled to slide from lower 

roughness to the highest (initiation of normal natural displacement), producing less 

and less deformation. This is because the given time is too little and the slider 

reaches the next asperity when the one underneath is not yet fully pressed down to 

the initial level. With the increase of relative velocity, micro-impacts occur as 

asperities of the slider collide with the opposite ones and micro-impulses are 

generated. 
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Figure 3.1: Block riding on a belt. 
1- slider (block); 2-elastic element 

Figure 3.2: Sketch of compaction of asperity (after Tolstoi, 1967); 

h-asperity height, A- average spacing between asperity; 

broken line - compressed asperities. 

Slider 
v .. d Slider v 

I~ ! In 

I, 

L_~~'::!:::!::.~~~=~_....Ja. 

Figure 3.3: Micro-impact of asperities. 

a.- Collision impulse; b.- path to next impact; 

I resulting impulse, 1, tangential impulse component, In nonnal impulse component. 
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Because the impulse is a function of velocity, the total nonnal component of such 

micro-impulses over the surface propels the slider from lower to further and higher 

asperities, gradually incrementing the nonnal displacement (upwards motion). 

However, if a forthcoming asperity is lower than previous one and the nearest 

higher asperity can not be reached in the current time, the slider crashes down onto 

the nearest lower asperity. This generates a downward motion (see Figure 3.4). 

After such collisions, the slider bounces at a micro-scale level and loosens its bonds 

with the surface. This causes a reduction of the actual contact area, implying a 

decrease of friction force because the slider is partially lifted by the accumulated 

total nonnal impulse. The higher the velocity, the larger is the total nonnal (to 

surface) component of the impulse, ejecting the slider to further higher asperities, 

(see Figure 3.3). If there is no confining force applied to the slider in the nonnal 

direction, the slider at some stage will display a bumping motion. (This effect is 

often observed when pulling a relatively light table over a flat surface and it starts 

jumping). 

Figure 3.3 shows a speculative illustration of the interaction between two contact 

surfaces in relative motion. Figure 3.3a shows that the tangential (parallel to 

velocity vector) component of the collision I, may be small but the resultant 

impulse 1 could be large enough to generate a considerable normal impulse 

component In. Figure 3.3b illustrates the trajectory (path to next collision) of the 

slider motion, that causes plastic defonnation of the highest asperities which were 

involved in the previous crashes. The lowest asperities have kept their initial shape, 

as they have not been in contact with asperities of the opposite body. 
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t l 

Figure 3.4 single asperity sliding over rough surface. 

I; time interval between successive impacts, 11, corrcspondi,ng normal displacement. 

fi FtJ1bcr motion with 

Figure 3.5: Development of the vibration of the slider. 
S- sliding asperity; R-surface roughness. 

Vn 

Figure 3.6: Collision of a ball onto an inclined surface. 
VII velocity normal to surface, L1v" change in normal velocity. 
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Figure 3.4 shows an idealised motion of a single asperity S sliding over roughness 

R. The dot-arrows depict the trajectory of the asperity as it collides against the 

asperities of the surface. It is assumed that both the sliding asperity S and the 

surface R are rigid bodies. The sliding asperity S is given an initial velocity v; due 

to the force of adhesion and the weight, the asperity S will stay at rest until the 

shifting force exceeds the force of contact. At the exceeding point, a sudden rupture 

of the bonds between the two bodies occurs, the sliding asperity slips with 

acceleration and collides with the roughness of the surface. After impact with the 

first asperity of the surface marked I, the sliding asperity S will need time I, to 

reach the asperity marked 2. The coli ision I occurred at the asperity elevation H, 

from the static position of the slider. Due to the normal impulse component In of the 

impact, the asperity S is elevated to H2 and hits the asperity marked 2 almost at the 

same height because of the short distance between the two peaks. After the second 

impact, the height is incremented but the time required to reach the next asperity is 

larger, thus the sliding asperity falls into a valley between high peaks (normal 

downward displacement). The next collusion occurs at a low height H3, which is 

lower than the two previous elevations. The asperity bounces with an increment of 

its elevation and collides with the next peak marked 4. The height is again 

incremented and the asperity in its flight hits peak 5 at elevation H5. Further motion 

of the asperity will follow a pattern of upward and downward displacement 

depending on the space between the asperities and the driving velocity. 

Figure 3.5 shows the development of the vibratory process of the sliding element S 

over the time. The dashed line indicates the path of the sliding asperity and the 

dotted line illustrates the deformation of the asperities. The first slip is fast and 

large in magnitude because the driving system has the required time to store enough 

elastic energy which is abruptly released. This suddenly dislocates the asperities 

from their static position (disengagement of the meshing) and the slider rides faster 

over a relatively long distance. At this phase, the energy accumulated is capable of 

delivering fast plastic deformation to a large number of asperities. Such "fast slip" 
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continues until the occurrence of an impact (collision with a rigid asperity), or until 

the accumulated energy is fully released. Depending on the system configuration, 

friction force may keep a value close to static friction, (Figure 3.8). The slider stops 

if the driving system is weak i.e. where the accumulated energy is released 

completely without the occurrence of an impact strong enough to generate an 

impulse able to lift the slider. During the slider's rest time, friction force increases 

up to the value of static friction due to compact ion (increase of true contact area), 

adhesion and interlocking of asperities. If a strong impact occurs during fast sliding, 

the impulse energy and the remaining accumulated energy drive the system through 

a fast series of intermittent rupture of bonds and collisions. Thus fast vibration 

follows the first fast slip at the beginning of the motion. The frequency of this 

vibration stabilises gradually when the slider reaches the average height of 

asperities. The frequency of such a vibratory motion entirely depends on the 

configuration of the system in terms of contact stiffness, frictional elasticity, mass, 

micro and macro geometry of contacting surfaces and the driving velocity. 

The description of sequences of events in Figure 3.4 and Figure 3.5 points out three 

major factors favouring the appearance of normal displacement of the slider. These 

are (i) the velocity of relative displacement, (ii) the nature of irregularity in surface 

roughness and (iii) the micro-impulses of the collisions. Elasticity in normal 

direction intensifies the vibratory process of the slider. The relationship between the 

relative velocity, the surface geometry and the slider mass is paramount in frictional 

vibration. For a given configuration of the system, relationship (2.8) shows the 

nature of normal displacement. 

H2>H/; H)<H/< H2; H4>H); H5>H4. (2.8) 

Assuming A. is the average spacing between higher asperities obtained from 

statistical analysis of the relief of the surface and y is the sliding velocity (Figure 

3.5), then the period of the impact motion can be expressed as follows T=}./y 
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2.2 The origin of lifting phenomenon in dry friction 

The collision of the slider S (Figure 3.4) with asperities occurs at a random angle of 

contact. At such impacts, micro-impulses normal to the plan of impact are 

generated. These impulses contain components which are normal and tangential to 

the surface. To illustrate this, in Figure 3.6 the sliding asperity is represented by a 

ball. The ball moves at a velocity v and hits a peak of roughness at an angle a. 

Because it is confined to move in a given direction with a velocity v, the' ball 

acquires a normal impulse due to this impact. A normal displacement will be 

noticeable if the acquired impulse exceeds the gravitational force; however, at each 

crash, the forces acting in the normal direction are decreased by the value of the 

normal component of the force generated by the impact. This decreases the normal 

reaction force hence diminishes the friction force. Depending on the total number 

of the micro-impulses, the slider may be lifted reducing the true contact area. These 

two processes lead to a reduction of the force of friction because the force of 

contact and the contact area are decreased. From Figure 3.6, the following 

relationships are derived: 

M =mf'l.vn 

In = mf'l.vn cosa 

f'l.vn = (I + R)vn 

vn = ~2gf'l.H 

(2.9) 

(2.10) 

(2.11 ) 

Where & is the impulse at the point of impact; Llv is the change in normal velocity; 

LIH is the height gradient; In is the impulse normal to the surface; R is the 

coefficient of restitution and m the mass of the slider. 

Taking into consideration, that both bodies allow elastic and plastic deformation, it 

can be deduced from Figure 3.4 that in mechanical systems, elasticity in normal 

direction favours the intensification of normal oscillations. 
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Over the surface, the micro-impulses are generated in immense number and the 

resulting normal-to-surface impulse is at times large enough to lift the sliding body 

to a relatively high height. The total normal impulse over the surface is expressed 

as 

(2.12) 

This leads to a loss of contact between the two surfaces. If a complete loss of 

contact occurs, then the nature of the whole process changes because the character 

of the contact involves deformation of the layer beneath the roughness. When the 

total normal impulse exceeds the confining forces, the sliding element is detached 

from the surface and moves, increasing the gap. During the lifting process, those 

asperities which did not suffer from full plastic deformation will recover elastically 

and give an additional upward impulse to the slider. The lifting continues until the 

confining forces in normal direction equalise or overcome the impulse. The sliding 

element falls with gravitational acceleration onto the surface. In this case, if there is 

no normal confining force, the impact velocity is the resultant speed of both the free 

fall and tangential velocities. Such a collision causes plastic deformation of the 

roughness with further elastic deformation of the layer beneath the roughness. At 

this stage, contact stiffness plays a major role in establishing a bumping vibratory 

motion, the frequency of which depends on contact stiffness, the elasticity in 

normal direction and the slider mass. 

Frictional vibration is a consequence of the following: 

• The alternation of adhesion and sudden rupture of bonds followed by micro

impacts against opposite asperities; 

• The lifting power of the total normal impulse, which reduces the true contact 

area; 

• The contact stiffness, the elastic recovery of deformed asperities and the 

elasticity in normal direction as an amplification factor. 
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Considering the above discussions for a sliding mechanism to move smoothly with 

no vibration, the confining force normal to the sliding surface and the slider mass 

must be such that the relative velocity secures enough time for plastic deformation 

ofthe asperities. Thus, the system must comply with the conditions (2.1), (2.2) and 

(2.3). The first abrupt slip must disengage all meshing of the asperities so that 

further sliding produces a plastic deformation (bending) of asperities. In such a 

process, the higher asperities will be bent, squashed and forced to fill in the valleys 

of roughness. If during this process, a meshing occurs (due to a variation of relative 

velocity), the slider sinks, its elevation changes, and, depending on the location of 

the meshing, misalignment may take place. The displacement will continue in a 

non-uniform motion. 

Figure 3.7 shows (a) interfacial asperities in a static position and (b) a smooth 

relative motion without normal vibration produced by a velocity which secures 

enough time to deform (bend or squash) the asperities down to an average level. 

The asperities overlap with each other and are compressed down to a height of he. 

The height he depends on the average thickness of asperities, the height h, the 

length of spacing A, the creep viscosity of the materials and the time released for 

plastic deformation. In Figure 3.7, only plastic deformation takes place and micro

impacts will not occur due to a smooth transition from asperity to asperity. 

In dry friction, the total impulse normal to the sliding surface produced by the 

micro impacts of asperities plays a role similar to the hydrodynamic lifting force in 

lubricated sliding. The factors described in the two sections above produce five 

main categories of friction characteristics and these are examined in the following 

section. 
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3. MODELLING OF DRY FRICTION 

Following from the description given in the previous section, friction characteristics 

are explored in this section. Because of the complexity of the nature of friction, a 

hypothesis of the origin of each type of behaviour will be discussed. 

3.1 Friction Cbaracteristics - category I 

In the first category, the type of motion incorporates a very slow changing (quasi

static) process in the interfacial materials inducing elastic-plastic defonnation. 

From a static position, the friction force increases until a slip motion or plastic 

defonnation begins. Once slip has occurred, depending on the material properties 

and the energy of the drive, the friction force may keep an invariant value or 

increase with the growth of the velocity. The growth in the frictional force is 

conditioned by the viscous properties of the materials and the fonnation of a bulk of 

material which runs at the front edge of the slider 

Figure 3.8 shows the types of characteristics relating to this category which can be 

used to model system with slow interfacial process where a large time is dispensed 

for a progressive deformation of the asperities and the contact layer. 
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Figure 3.7: Surface roughness in static and smooth slip phases. 
a.- interlocked asperities in static position b.- squashed asperities in relative slow sliding. 

h·asperity height, A- average spacing between asperity, hc-asperity height after compression. 

F: F: 

0 v, v, 

I 

F 

v 
v, 

le. 

Figure 3.8: Type offriction characteristics in category 1 

Fr 

0 v, v, 

Figure 3.9: Type of friction characteristics in category 11 
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The characteristics of the force of friction (FT) shown in Figure 3.8 are stable 

functions of relative velocity (vT), and only part (b) has a positive slope. Thus, these 

characteristics do not introduce instability into the motion of the system. 

3.2 Friction Characteristics - category 11 

In this group, the interfacial process is identical to the first category but prompt 

change in friction occurs at the initiation of the relative motion. The steep reduction 

of the friction force (FT) at the beginning of the motion is caused by a sudden 

dislocation of the sliding asperities from the static position which secures a large 

contact area at a higher level resulting in a small contact surface. This phenomenon 

was explored in section 2.2.1. Figure 3.9 illustrates the types of friction force 

characteristics of this category. 

3.3 Friction Characteristics - category III 

In this category, the interface exhibits two different processes. For low relative 

velocities, the interfacial resistance increases, gradually passes through a maximum 

value and begins to decrease slightly. Generally, the ascending part is treated as 

viscous properties of the materials in contact. However, apart from this, at low 

velocities, the meshing of asperities does not disengage. Thus, all asperities 

involved in the contact are deformed plastically and a bulk of material forms and 

runs right at the front edge of the slider. This considerably increases the resistance 

to motion. At the rear edge some asperities, which theoretically should not be in 

contact, remain under the slider because of plastic slip. This augments the density 

of asperities underneath the slider, hence the true contact area increases together 

with a volume of material that is undergoing a deformation. 
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Pr 

0 ,. 
r 

Figure 3.10: Type of friction characteristics in category III 

Pr 

Figure 3.11: Type of friction characteristics in category IV 

Figure 3.12: Sketch of block sliding over roughness represented as bristles. 
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When further growth of the bulk becomes impossible under the given conditions 

and subsequent micro cutting or fracture and removal of material does not occur, 

the resistance reaches its maximum. The slider slips over the bulge and this causes 

a normal displacement. As the velocity increases, with the help of such bulges, the 

slider gradually dislocates to higher asperities and enters a vibro-impact motion. 

Together with a heat effect, a reduction of the contact area occurs and the resistance 

to motion begins to decrease as at higher elevation the asperities act as bristles and 

deform with ease. The friction characteristic under such dual behaviour is depicted 

in Figure 3.10. 

3.4 Friction Characteristics - category IV 

The interfacial friction mechanism in this category incorporates the pattern 

described in the previous section. However, now the process has a fast changing 

character in which the normal component of the micro-impulses over the contacting 

area lifts the slider. As the velocity increases, the overall normal-to-surface impulse 

increases and the slider moves gradually to higher and higher asperities. The speed 

of change in the friction characteristics depends on the distribution of the height of 

asperities, the ratio between the minimum and the maximum height, and the mass 

of the slider. The rigidity of the asperities with average height and those with 

maximum height play an important role in the establishment of a given friction 

characteristic. 

If the ratio of the height of successive asperities is such that the gradient is small 

and the overall normal impulse is capable of lifting the slider to the next height, the 

elevation will increase until the gradient becomes too large. At this point, the 

reduction of friction force ceases and may tend to a constant value. The decrease of 

friction force with the increase of the velocity (negative slop of the curve) is termed 

the "Stribeck effect" and the minimum force of friction is called "Stribeckjriction". 

Further development of friction properties will depend on the true area of contact, 
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fonnation and destruction of bonds, the rigidity of asperities in contact and the 

resistance to plastic defonnation of the remaining higher asperities. Figure 3.11 

shows some of the friction characteristics relating to this group. 

If the gradient in height of consecutive asperities is such that with the increase of 

velocity, under the effect of micro impacts, the total nonnal impulse propels the 

slider gradually to the top of the highest asperities, friction force decreases steeply. 

The slider enters a floating state because it slides on the top of flexible bristles with 

a considerable reduction of contact area. Figure 3.12 illustrates the general case 

when the sliding element moves on the top of asperities which are treated as 

bristles. Depending on the sweep rate of the velocity, the friction force will tend 

asymptotically to zero (see Figure 3.11) and in certain cases, a loss of contact may 

occur. 

If the ratio of height of succeeding asperities is large and the impulse due to impact 

is small, the shape of the friction force takes a different appearance which is 

explored in the following section. 

3.5 Friction Characteristics - category V 

In this group of friction characteristics, the interfacial process is similar to the 

mechanism described in the preceding section. In addition, the ratio of average 

height to the maximum height is large and the distribution of the asperities is such 

that the slider stays at the level of average height. This is because the energy of the 

nonnal impulse of the micro impact is not enough to lift the slider to a higher 

elevation. 

With the increase in velocity, micro impacts occur and the resulting micro impulse 

raises the slider continuously to the average height. The friction force falls 
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gradually to a critical value due to the factors mentioned above. Beyond this critical 

point of minimum value, a further increase of the sliding velocity results in an 

opposite behaviour of friction characteristics. The friction force begins to display 

the viscous properties of the interfacial materials. Depending on the distribution of 

the remaining higher asperities, on their size and rigidity, and on the creep viscosity 

of the materials, the steepness of the resistance to motion will increase with the 

velocity of deformation. Figure 3. \3 illustrates the characteristics of friction 

behaviour in this category. Figure 3.13b shows generalised friction force 

characteristics (Brokley and Ko, 1970), which take account of all aspects of friction 

mentioned above. The reason for this increase in force with the velocity was 

explored above, partially being caused by fast visco-elastic and visco-plastic 

deformation of the asperities at the sliding level. This is because the remaining 

higher asperities undergo a visco-plastic deformation on their summits whilst their 

bodies deform elastically and vibrate. Figure 3.14 demonstrates such a 

phenomenon. Sound and heat are emitted as energy in the system is dissipated. Due 

to the growth of the resistance to motion, the sliding velocity decreases to a certain 

value and then increases again. This decrease and increase in the sliding velocity 

brings a kind of self-balanced regulation, which controls the stability in the 

system's motion. 

In force-velocity modelling of friction, the pre-slip elastic deformation is often 

dismissed to simplify the model, however it can be accounted for as shown in 

Figure 3.15. Ks and KR are the stiffness in the slider system and the surface 

respectively, N is the normal load, C is the interfacial damping, fr is the threshold 

friction force of the Coulomb element, ksr and kRr are the stiffness of the asperities 

of the slider and the surface respectively. The springs Ks and KR are shown as dot

lines because these elements may not be included in some models. Figure 3.15 is to 

some extent a mathematical interpretation of Figure 3.7. 
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Figure 3.13: Type of friction characteristics in category V 

Figure 3.14: Deformation of asperities at high velocity. 

Slider I 
s 

Figure 3.15: interface model with pre-slip elastic deformation. 
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3.6 Mathematical consideration 

Mechanical systems incorporating relative motion with friction at contact interface 

often display friction-induced vibration in two forms, namely, stick-slip and quasi

harmonic oscillations. Self-sustained frictional vibration has detrimental effects on 

the performance of a system. So solutions are sought to alleviate or eradicate these 

oscillations. In solving such engineering problems with friction, mathematical 

modelling of frictional process faces difficulties because the process of friction is 

treated as two different states with a switch between them. The characteristics of 

friction force presented in Figures 2.8, 2.9, 2.10, 2.11 and 2.13 are non-smooth 

functions because they contain some discontinuities. These discontinuities engender 

complex non linearity in the dynamic behaviour of the system. 

In frictional vibration caused by stick-slip motion, two distinct processes take place 

with a non-smooth transition between states. Thus, the mathematical interpretation 

of such a system (non-smooth system) requires three formulations: 

• Mathematical expression of each continuous state. 

.• Statement of the scope of transition and the definition of the trigger (switch). 

• Mathematical definition of the transmutation function. 

For example, for the classical Coulomb friction coefficient depicted in Figure 3.8a, 

the friction force is described as follows: 

1 
F,. = pN for v, > 0 

IF,I::; pN for v, = 0 

F, =-pN for v, <0 

(2.\3) 

Where, N is the normal load, vr - the relative velocity, p- the coefficient of friction. 

There exist several methods for finding solutions to the above: such as piecewise 

algorithm, shooting method with smoothing techniques, mapping approach and 

numerical simulation. Commonly the shooting method. is used when solving 

discontinuous differential equations. It aims at defining the new smooth system, 
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which may effectively replace the discontinuous system. However, the shooting 

method often results in stiff differential equations, which requires much time and 

large computational power. Other techniques such as the switching method (which 

is the method used in this investigation) employs the three formulations mentioned 

above. This method has been shown to require less mathematical manipulation and 

computational time (Leine et al. 1998). 

The friction force illustrated in Figure 3.10 was obtained with a friction coefficient 

expressed as: 

,q~·,IJ 1'1 
p(v,) = 0.165[1 + e ][1 + e" J,] (2.14) 

Where CJ = -0.02m1s and C;F -0.25s1m, (Popp, 1992). The friction force 

characteristics shown in Figure 3.11 a is modelled with equation (2.15) where 

aJ= 0.14, a2=1.14, bJ= 2.0m/s, b;FIOOslm (Popp, 1992). 

(2.15) 

Expression (2.16) produces the friction-velocity curve depicted in Figure 3.llb. 

(2.16) 

where, t5 is a positive number expressing the rate at which friction decreases with 

increasing sliding velocity. The characteristics of the force of friction in Figure 

3.13a. was modelled by equation (2.17) using PtFO.4, PFO.I, A=99.4s/m, a=0.7s-

2 /m2
, (Popp, 1992). 

II(V) = flo - PI + 11 +av' 
r, I+Alv,1 rl , 

(2.17) 
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4. DISCUSSION 

In this chapter, a hypothesis on the phenomenon of the normal jump in sliding 

friction is developed from the viewpoint of the vibro-impact process, derived from 

the properties of the contacting surfaces. This description is in agreement with the 

experimental results of Tolstoi (1966) and other investigators. The development of 

the process of friction is described. Attention is paid to the first slip and the cause 

of its large magnitude. A source for the reduction of the friction with the increase of 

the velocity is explored and the origin of normal displacement of the slider was 

discussed. This phenomenon of friction reduction (Stribeck friction) is used in later 

chapters to develop a self-excited vibro-impact mechanism for percussive-rotary 

drilling. The introduced hypothesis intends to open up an area unexplored in the 

study of friction. This is an attempt to get an insight into the interfacial process and 

the cause of vibrational behaviour. However, the stated views on friction as a vibro

impact process cannot yet receive experimental support. This area needs to be 

investigated following up the abstract of a paper treating frictional vibration as a 

vibro-impact process as presented at a Russian symposium of vibro-impact systems 

by Gekker, (2001). 
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EXPERIMENTAL PILOT STUDY 

1 INTRODUCTION 

At the early stage of this investigation, a drilling test rig was developed to explore 

new opportunities in rock drilling with application to vibration and impact. The test 

rig intended to help in the practical understanding of the basics of rock drilling. The 

acquired knowledge and experience of using the test rig served as a forerunner of the 

study and the theory to be elaborated. 

In rock drilling, there is a large variety of tools in use but the diamond bits and the 

tricone roller bits are the most widespread when operating in hard formations. 

However, these tools are very expensive in the frame of this university-based 

investigation. The principle of operation of the tricone bits involves a continuous 

collision of roller teeth with the medium. The engaging tooth impacts against the rock 

surface and sets a compressive load. This kind of impact loading is of interest 

because ofthe direct relation to the subject of this investigation. In order to be able to 

replace the tool in cases of bearing failure, a cost-effective roller cutter was chosen, 

namely a 72mm tricone bit. This is the smallest tricone bit commercially available 

and it can drill into hard and very hard limestone and sandstone. Because of its small 

diameter, it allows the use of relatively small rock samples. 

Initially three types of rock (granite, limestone, and sandstone) were selected for this 

investigation. The rocks were cut into cubic blocks of about 300x300x300mm. In 

general, the quality and the hardness of rocks depend on their origin. Rocks from 

different locations of the UK display different mechanical properties. The 

geographical origin of the samples used in this work was unknown and this makes it 
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difficult to compare the physical properties of the samples with the data in 

handbooks. 

2 DEVELOPMENT OF THE TEST RIG 

The experimental rig was built up of a standard strength-of-material testing machine 

and specially designed drilling unit. In order to be able to monitor, record and analyse 

data from the experiment, the test rig was equipped with the necessary devices and 

sensors. Figure 4.1 shows the initial flow diagram of the experimental set up. The 

technical performance of each element is described in the corresponding section. 

With respect to its functionality, the test rig may be regarded as being partitioned into 

four integrated systems: drilling unit, servo-hydraulic testing unit, sensors and data 

acquisition unit and visual monitoring devices. 

2.1 The Drilling V nit 

The drilling structure consists of a rigid frame OS on the top of which a OC motor 

OS I is mounted. The frame made of U-shaped steel bars is bolted together to house 

the strength of material testing machine MTM (see Figure 4. 5). The frame is 

fastened to the floor. The strength-of-material testing machine has four columns, 

which are firmly attached to the top bars of the frame through clamps. This increased 

the rigidity ofthe entire rig and reduced vibration in the system. 
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I-voltage across motor 
2.-current across motor 
3·Rotation speed 
4-Torqueonblt 
5-Weight on bIt 
6-Penetratlon rate 

4 

6 

Signal analyzer 

SP390 for life -l!~~f----' 
cootrol FT 

a- Gearbox 
.. Shaft 
c- Drill Bit 
d- Rock 
e- Torque Cell 

f- Load Cell 
8- Actuator 
h- Tacho-Scnsor 
A- Current Sensor 
V- Voltage Sensor 

Data collect ion 
and post 
experiment 
analysIs 

L-Motor IndUctance 
M- Motor fotor 
R- MOlar resistance 
k- ConnectIon hub 
DAB- Data 
AcqUlsmon Board 

Figure 4.1: Flow Diagram of the Experiment. 

Figure 4.2: Drill hub (left) and Tricone bit (right) 
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The DC drive is a separately excited single-phase motor and gives a maximum 

rotation speed of 3000 revolutions per minute with a current of 5 Amperes across the 

motor. Table 4.1 gives the technical data of the driving system. The drive is a 

thyristor controlled variable speed motor. The rig was installed in a workshop with 

other equipment; hence, the nearby operating electrical machines affected the 

performance of the motor because of the thyristor controller which was susceptible to 

variation in the supply voltage. There was no feedback control for keeping to a 

constant speed; therefore, the speed of rotation of the shaft often varied during the 

experiment. Consequently, from time to time the rotation of the bit fell from 50rpm to 

30rpm or rose from 50rpm to 70rpm. A large switch was placed at front panel for 

emergency stop for the machine. 

Table 4.1 

Drive System Parameters 
~otortype Shunt 
Current DC 5Amp 
Voltage 180volts 
~aximum speed 3000 rpm 
Power 0.75 kW 
Type of controller Thyristor 
Gearbox ratio 7: I 
Resistance Field: 5840 

Armature: 1.80 

Inductance Field: 62.9H 

Armature: 14.5mH 

The DC motor drives a shaft with a bit at its lower end through a gearbox of ratio 7:1 

and a bevel. A small screw with a conic end that sits in a slot secures the coupl ing 

system between the motor and the gearbox. The torque is transmitted through this 

screw which is set to ~Iip out of the slot in case of extreme torque. The tricone bit is 

screwed in a drill bit,sub which is mounted on the shaft. The connection between the 
I, 

shaft and the ,sub is secured by two screws similar to the previous one, sitting in small 

indentations made on the connection rod of the sub. Both screws could slip out of the 

4-4 



4. Experimental Pilot Study 

dents (seen in Figure 4.2) when unexpected high torque was exerted. Figure 4.2 

shows the hub on the left and the tricone roller bit on the right. 

A slip-ring in brass (shown in Figure 4.2) is mounted on the upper end of the hub. 

The ring runs free on the hub and has a tapped hole to which a hose was connected to 

supply water or air as flushing media. 

As drilling requires a heavy load on the bit, the shaft was supported by roller bearings 

and ball bearings, one of which is located close to the lower end to take the axial 

load. Figure 4.3 shows the lower part of the shaft assembly with the bearing casing 

and the water hose. A tank is mounted on the upper part of the frame that supports the 

shaft. The tank, which can be seen in appendix 2, is used to host special drilling fluid 

if water or air is not used as the flushing medium. 

For a safe operation of the test rig, the hazardous area and the rotating parts of the rig 

are enclosed in cages. The cage protecting the cutting area has an opening door to 

facilitate the loading of rock samples. A roller conveyor was designed to assist the 

loading and unloading of the rock blocks because they were heavy (about70kg each) 

and the lifting crane had no access to the cutting area. Figure 4.4 shows the conveyor 

fitted to the door of the protecting cage. 
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Figure 4.3: Bit-hub-shaft assembly 

Figure 4.4: Loading conveyor 
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MTM - Material testing machine 

MT I - Load cell 

MT2 - Actuator sha ft with L VDT 

MT3 - Actuator 

MT4 - Hydraulic power station 

VP - Vibration isolation pad 

RS - Rock sample 
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DS - Drilling Structure 

DS I - Electric motor 

DS2 - Motor shaft and disc with flutes 

DS3- Bevel 

DS4 - Drilling fluid tank 

DS5 - Supporting frame with bearing 

DS6 - Clamps 

DS7 - Shaft 

DS8 - Drill bit 

DS9 - V-block sliding guider (8 blocks) 

DSIO - Base plate of the Jig 

DS I I - supporting frame for the upper V-blocks 

Figure 4. 5: Schematics of the test rig 
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2.2 The Servo-Hydraulic Testing Machine 

This is a standard strength of material testing machine provided by ESH testing Ltd. 

It is made of a hydraulic power station MT4, an actuator MT3, and a control panel 

unit (see Figure 4. 5). A load cell MTl is mounted on the end of shaft MT2 of the 

actuator and serves as a feedback loop to the servo-controller. A jig is mounted on the 

top of the load cell to accommodate the rock specimen. This machine can provide up 

to 50kN of load and incorporates a function generator to produce vibration of three 

forms, namely saw tooth, square wave, and sine wave. The frequency of the 

generated vibratory motion can be varied discretely from O.05Hz to the desirable 

level, (see appendix 4-2). 

The servo-controller has two working regimes. It can operate either in "load mode" 

where the load on the actuator is the controllable parameter or in "stroke mode" 

where the displacement is controlled. In stroke control, a special programming unit is 

used in conjunction with a ramp generator producing trapezoidal command 

waveforms, with positive going or negative going ramp rates. Two ramps (Ramp!, 

Ramp2) and two holds (Hold! and Hold2) can be set independently. When 'Ramp!', 

reaches its pre-set hold level, the programming unit initiates 'Hold!'. When the pre

set hold time expires, 'Ramp2' is switched on. In load control, to exert a cyclic load 

on the actuator, the mean value of the required load and the amplitude of oscillation 

are set. The frequency of oscillation is secured with the help of the function 

generator. 

Figure 4. 5 illustrates the schematics of the setting on the rig and the full view of the 

experimental test rig with the rock samples on the right and the computer for data 

acquisition as given in appendix 2. 
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2.3 Tbe Sensors and Monitoring Devices 

Six sensors were installed on the experimental rig to help monitor the performance of 

the machine and to acquire data for further analysis. The voltage and current across 

the motor, the speed of the rotation of the shaft, the weight (load) on the bit, and the 

rate of penetration were monitored. The transducers were located at the appropriate 

place on the rig. 

2.3.1 MONITORING THE SPEED OF ROTATION 

The speed of the drive can be varied linearly with a potentiometer. To monitor the 

speed of the motor, a rotating disc with 60 flutes is mounted directly onto the shaft. 

Because of the irregularity in the operation of the thyristor controller (which results in 

high fluctuation of the motor speed), the actual speed of rotation of the bit needs to be 

measured. To accomplish this task, a reflective opto-switch 2601 (RS307-913), 

shown in Figure 4.6 left was used. 

The opto-switch consists of an infrared emitting diode and a phototransistor mounted 

in a rugged enclosure. The phototransistor reacts to the emitted radiation from the 

infrared diode if a reflective object is in the active field of the sensor. An infrared 

transmitting filter is built-in to eradicate problems from surrounding light. The 

principle of operation of the sensor is illustrated in the right hand side of Figure 4.6. 

Any object located near the sensor reflects the infrared light emitted by the diode. 

The reflected light triggers the phototransistor to generate an output signal (a pulse). 
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H 

(+) 

Figure 4.6: Left- phototransistor; right- principle of operation. 

Figure 4.7: Set up of the Opto-switch for rpm measurement. 
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... "QoI. .... -rl' _. _ .... ... 
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Figure 4.8: Digital display of the actual shaft speed 
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In this experiment, six equally spaced black patterns were stuck around the shaft and 

the sensor was positioned in front of the patterns at 5mm from the shaft as shown in 

Figure 4.7. The rotation of the shaft causes the sensor to generate six TTL pulses for 

each full revolution. The .generated signal is conditioned and displayed digitally 

(Figure 4.8) in revolutions per minute. This allows visual monitoring of the actual 

speed of rotation of the bit during the drilling process. The signal is transmitted also 

to the data acquisition board. 

The configuration of the opto-switch to measure the actual speed of rotation of the 

shaft-bit assembly gave an adequate result. However, higher resolution could be 

obtained by increasing the number of black patterns on the shaft. The disc with flutes 

mounted on the shaft of the motor was used in conjunction with another optical 

encoder during the setting up process to obtain the rotation speed of the motor and to 

calibrate the opto-switch. The electrical circuit of the configuration of this sensor is 

given in the appendix 4-1. 

Table 4.2 shows the data obtained during the calibration process of the 

phototransistor. The speed of the motor was varied with the rotary potentiometer, one 

dial at a time, starting from its maximum speed down to a full stop of the motor, then 

speeding up again to the maximum speed. The calibration started from the top speed 

because the gearbox ratio and maximum speed of the motor were known. The 

obtained data confirmed that the configuration and the set up of the phototransistor 

would provide acceptable results. 
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Table 4.2 

Potentiometer dial Sensor output Digital display 

(pulses) (RPM) 

I 60 10 

2 120 20 

3 420 70 

4 780 130 

5 1260 210 

6 1680 280 

7 2040 340 

8 2340 390 

9 2520 420 

10 2640 440 

• • 

• • 
i..==~~~~~:;:;~,rr"nr probe in the motor control unit 

4-12 



4. Experimental Pilot Study 

2.3.2 THE CURRENT AND VOLTAGE ACROSS THE MOTOR 

The power consumed by the electrical motor was measured by recording the voltage 

and the current through the motor. The current was measured with the help of 

commercial transducers (HA 200-SU, RS257-414) with a solid core and the PR30 

probe with a split core, manufactured by LEM Instruments. These are robust devices 

working on the Hall effect principle and can measure current up to 200A with a 

resolution of ± I mA. The live lead of the motor power supply is wound around the 

core of the sensor. To increase the sensitivity of the device, more loops could be 

wound. With the HA 200-SU, ten loops were used whereas with the PR30 probe only 

two loops was used. Figure 4.9 (left) shows the HA 200-SU solid core current sensor 

and its configuration in the motor control unit (right). 

The magnitude of the voltage across the electrical motor was recorded with the help 

of a commercial differential probe similar to the one shown in Figure 4.9. This 

transducer operates on a 9V battery and utilises the Hall effect to measure voltage up 

to 1200V with a resolution ±5mv. The signal from both the current sensor and the 

voltage probe was logged straight to the computer through the data acquisition 

system. 

Data given in Table 4.3 were obtained during the calibration process of the voltage 

and current sensors using digital multimeters. There was no load applied to the drill 

bit and to avoid interference, there was no other powerful electrical equipment 

operating in the workshop. 
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Table 4.3 

Potentiometer Voltage Sensor Current Sensor output 

dial Volts Volts I 
Amp 

I 2.89 0.026 0.026 

2 11.7 0.027 0.027 

3 31 0.49 0.49 

4 53.3 0.60 0.60 

5 82.6 0.75 0.75 

6 107.2 0.87 0.87 

7 126.1 0.96 0.96 

8 144.9 1.03 1.03 

9 153.4 1.12 1.12 

10 165.6 1.16 1.16 

2.3.3. THE lUTE OF PENETRATION AND THE WEIGHT ON THE BfT 

The load or weight on the bit is gauged with the help of a load cell which is mounted 

on the upper end of the actuator. The load cell is the key device for controlling the 

entire test rig because the signal from the cell serves as feedback for the control loop 

of the hydraulic system. 

The maximum load for the load cell was 50kN. The control panel allows for 

selection from three ranges of load, namely IOkN, 20kN and 50kN. The signal from 

the load cell is conditioned and fed to an analogue output and to a digital meter, 

which displays the current value of the load in voltage (±IOv) depending on the 

chosen scale. For example, if the scale selector was on IOkN and I kN were applied, 

the digital meter would show Iv. In this experiment, the scale selector was set to 

IOkN. 
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One problem encountered when using the hydraulic system was a lack offeedback in 

cycling mode. This was because in the vibrating regime, the bit is in contact with the 

rock cyclically, thus creating a load; and out of contact, which means that there is no 

load at all on the cell. In cycling mode, the system operates mainly on the mean value 

of the load and the amplitude of oscillation. When the mean value becomes zero (no 

load), the system gets into a state of open loop. The company provider of this 

equipment confirmed this problem. When this happens, violent motion of the actuator 

can occur, causing failure of the bearing in the bit. In this investigation, the drill bits 

that failed due to this problem were repaired; however, they were destroyed during 

the next trials. A new drill bit was purchased and the work continued. 

The rate of penetration is measured as the total displacement of the actuator which 

has a maximum stroke of 50mm (±25mm). The displacement of the piston generates 

a signal, which, processed by the signal conditioning system, is displayed by the 

digital meter. This signal was recorded through the analogue output integrated on the 

control panel. The signal-conditioning unit provides an analogue output signal of 

± I Ov for the load and the displacement of the actuator. 

2.4 The Visual Displays 

Several visual displays were incorporated into the experimental rig to enable visual 

surveying of an ongoing experiment. These were digital meters, which displayed the 

actual load, actual displacement, and the rotational speed of the bit. A dual channel 

oscilloscope permits a view of the form and the amplitude of any two signals coming 

from the sensors. This allows a double-checking of the correctness of the settings of 

the experiment and the operation of the data acquisition system. Live analysis of the 

running experiment is conducted on the dual channel signal analyser SP390 

manufactured by "Scientific Atlanta". The visual displays are of great assistance in 
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setting up and testing the performance of the rig, and capturing specific events of the 

running experiment. 

2.5 The Data Acquisition System 

The purpose of the test rig is to provide quantitative and qualitative data for post

experiment analysis. A fast sampling AD converter (PC30FS 16), installed in a 

desktop computer was used to acquire data from the sensors. The PC30FS 16 data 

acquisition board has a maximum sampling rate of 330ks/s with the ability to sample 

simultaneously up to 16 channels. This eliminates the skew time between channels 

and data are captured almost at the same instant on all lines. The board has a direct 

access to the computer memory (OMA) and can achieve a throughput of 330 kHz. 

This allows for streaming data directly to the hard disc almost at the same rate. The 

maximum input voltage of this board is ±5v. 
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Figure 4.10: Screenshot of the Wave View software 
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2.5.1 THE SOFTWARE FOR DATA CAPTURING 

The software (WaveView) used for data logging was provided by the manufacturer of 

the acquisition board (Eagle Company). This is a powerful software working under 

DOS and provides a wide range of services in data capturing and signal processing. 

The captured data can be saved in different formats suitable for transfer to other 

applications. The software allows the carrying out of FFT analysis of the acquired 

data. It is also possible to monitor continuously an incoming signal either in the form 

of a digital meter or in the form of a graph. 

For a long lasting experiment, large data are generated and the software offers a 

continuous streaming of the data to the hard disc storage. Figure 4. lOa and 4.10b 

show screenshots of the "WaveView" software for the weight on the bit and its 

penetration respectively. 

2.5.1 SETTING UP THE EXPERIMENT 

In this experiment, five parameters were monitored and recorded with the help of the 

data acquisition board (DAB in Figure 4.1). The board has a maximum input voltage 

of ± 5V. The analogue output from the actuator displacement and the load cell is in 

the range of±IOV; therefore, these two signals were attenuated before feeding them 

into the data acquisition system. Table 4.4 gives the technical specification of the test 

rig. 
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Table 4.4 

Unit I Device I Performance I Attenuation I Output - Motor Shunt, single phase ·2 
::J Current DC,5Amp 
bJl 
;§ Max. Speed 3000 rpm 
'2 Gearbox ratio 7:1 
0 

Load cell Max.50kN (±10V) Y1 ±5V 
.~ Displacement 50mm (±IOV) Y1 ±5V ' -o ::l 

~~ Wave generator 0.05Hz - 5MHz 
m;... 

:r:: 

Torque cell 300Nm ±5V 

~ 
Current 200A Y1 5V 

0 Voltage 1200V 11200 ±5V '" c 
Q) Optical encoder TTL 6 pulses/rev. m 

"" Board type Analogue to digital 

~~ Input voltage ±5V 

0'" Sampling rate 330kS/s 
~ Channels 16 simultaneous 

3 THE EXPERIMENTAL WORK 

Three types of rocks were initially involved in the experiment. There were 5 blocks 

of each type making a total of 15 blocks. Commonly, the mechanical properties of 

engineering materials can be found in textbooks. However, rocks are natural 

products, and a given specimen bears almost unique characteristics. The rocks used in 

this investigation originated from unknown places. Therefore, preliminary work was 

undertaken to identify the actual mechanical properties of the rock. One block of each 

type was taken for a compressive strength test. Series of test drilling were carried out 

varying the speed of rotation and the applied load. For each test a new flat face of the 

block was drilled. 
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Figure 4.11: Methods of testing rock strength, (Brown, 1981). 

a.- uniaxial (ueS); b.- Brazilian; C.- ring shear: d.- triaxial. 

Figure 4.12: Core samples after UCS test. 
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3.1 Core Sample Test 

There exist several methods for testing the strength of rock samples. These are the 

uniaxial compressive test, the triaxial compressive test, the Brazilian test, the point 

load test, the ring shear test and the Schmidt hammer test. 

In a UCS (Unconfined Compressive Strength) or uniaxial test, a cylindrical core with 

a diameter equal to half of the core's length is loaded in compression in the direction 

of the longitudinal axis with an increasing load until the sample fails. The 

compressive strength of the rock is taken as the load (Pi} at which the core cracks 

down divided by the cross section of the specimen. UCS = Pf/tc(dl2/, where d is the 

diameter of the specimen, (Brown, 1981). Typical testing methods are shown in 

Figure 4.11, (Brown, 1981). Figure 4.11 a illustrates the setting for testing the 

compressive strength of the rock. The set up in Figure 4.11 b (Brazilian test) provides 

the tensile strength of the sample. A test conducted according to the configuration in 

Figure 4.11 c (shearing ring) produces the shear strength. To obtain the confined shear 

strength, the test must be carried out as shown in Figure 4.lld where the core sample 

is pressurised all round until it fails. 

In this experiment, the cores were cut off the main rock blocks with a diamond core 

bit. The core samples and the test complied with the requirements of ASTM and the 

British Standard BS1610. The diameter (d) of the cores was 54mm and the height (L) 

I08mm; the ratio Vd was 2 and the standard requires that 2::; Vd ::;4. The uniaxial 

compressive strength (UCS) test was carried out in the civil engineering laboratory of 

rock mechanics on the "Denison" Block Testing System. A load was applied to each 

core at the rate of O.17kN/second. The computer controlling the testing machine 

produced the plots of the load against the displacement. The obtained results are 

given in Table 4.5 and in appendix 4-2. Figure 4. 12 shows the core samples after the 
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UCS test. The UCS values for limestone and the granite seem rather high because the 

rock blocks were of a very good quality, fresh and dry. 

Table 4.5 

Rock Length! load at UCS, Density,k Slope, Young's 
Sample Diameter, failure, MPa g!m' kN/mm modulus, 

mm kN GPa 
Granite 108/54 204.5 280.5 2687 224.24 10.5 

Limestone 108/54 140.3 192.4 2480 175.32 8.2 

Sandstone 108/54 61.9 84.9 2382 100.68 4.7 

The results of the computer controlled unconfined compressive strength test are given 

in appendix 4-3 in form of graphs of the load against displacement. The computer 

evaluated the trend of the graph to select an approximate linear section and computed 

the slope of the selected section. The calculated value is shown on the plot with ticks 

indicating the linear section. The Young's modulus of the rock samples was 

calculated using the value of the slope indicated on respective graphs. The obtained 

values are within the range of data found in handbook of rock mechanics (Vutukuri et 

ai, 1974). However it should be noticed that the cores for the UCS test were taken 

from one block of each rock, therefore the result may not adequately portray the 

mechanical properties of the entire population of the samples involved in the 

experiment. 

3.2 Test Drilling 

The experiment was carried out in three stages. Firstly, at a given rotation speed, 

different loads were applied to the bit and the parameters of the system were 

recorded. Secondly, to investigate the rate of penetration under different conditions, 

both the load and the rotation speed of the bit were varied. Thirdly, the bit was 

subjected to oscillating loads and the rate of penetration was studied under these 

conditions. 
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3.2.1 GENERAL OBSERVATION 

Vibration is widely used in engmeerlng for intensification or amelioration of 

technological processes. The aim of this experimental test drilling was to seek an 

increase in the penetration rate by superimposing vibration to the drilling process. 

In search of the effect of vibro-impact with a low frequency of oscillation, any aspect 

of conventional drilling involving impact is of interest. The observation on the 

evolution of cutting with the tricone bit has shown that an impact action exists within 

the process. The impact occurs when each successive tooth at the speed of rotation of 

the roller suddenly encounters the medium. This impact action and the increasing 

pressure of the tooth generate cracks which grow from the engaging tooth to the one 

indented into the material. The chiselling action depends on the geometry of the 

cutting element and the configuration of the bit. 

The milled steel tooth has a flat top face which crushes a part of the formed chips into 

fine particles. In the absence of flushing, the cuttings (chips) are crushed into fine 

powder. As the tool goes deeper into the medium, this powder is compacted. The 

compacted powder begins to stick to the notches of the teeth and this leads to an 

increased friction, high torque and reduced penetration. 

Figure 4.13 depicts the cutting mechanism of a tricone bit. In Figure 4.13a after 

Smith Tool (Smith International inc.) there is an illusion that the teeth A and B act at 

the same point of contact with the medium (I, 11) and the tool somehow moves up and 

down. It gives the impression that at some stage, the drill bit looses the contact with 

the medium. However, observation from the experiment shows that two successive 

teeth encounter the rock at different places as illustrated inFigure 4.13b. With a true 

rolling cones bit as in this experiment, the contact of the teeth with the medium is 

similar to an epicycIic gear. Here, the medium is considered as the sun wheel and the 

cones as planet wheels. 
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ROLLER CUTTER 

Figure 4.13: Cutting action of a roller bit. 

a.- after Smith Tool; b.- observation from experiment. 

Figure 4.14: Borehole pattern 
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If the speed of bit rotation does not fluctuate over a wide range and if there is no 

slippage, a clear pattern of the teeth contact with the rock is seen at the borehole 

bottom. Figure 4.14 shows one of the patterns obtained in a sandstone block at a 

rotation speed of 40rpm. The teeth indentation (white) and the valleys (dark grey) 

between the teeth are remarkable in the middle ring but the outer ring cannot display 

this pattern because of the difference in the orientation of the teeth on the base of 

each cone. A similar pattern is observed in limestone. 

3.2.2 THE TREND OF DRlLLlNG FORCES 

In rotary drilling with a tricone bit, the cutting forces are complex. Though a constant 

weight is applied on the bit, the resulting torque varies randomly. This is partially due 

to the unpredictable changes in the rock structure. These changes lead to an 

alternating hardness. Depending on the weight applied and the hardness of the rock 

layer being drilled, the bit will vibrate longitudinally. Both the structure of the tricone 

bit and the drilling fluid also emphasize the oscillation of the cutting forces. Figure 

4.15 displays a typical shape of the weight on the bit recorded from the test rig. The 

signal of the weight on the bit obtained in the current experiment is similar to the 

torque and weight on the bit from a field drilling system reported in numerous papers 

on drilling. Though a given constant pressure is applied to the bit, the resulting actual 

weight and the torque on the bit varies randomly. This randomness is explained by 

the inconsistency in the hardness of the rock, the irregularity of the number ofteeth in 

contact with the medium at a given time, the slippage of the cones, the fluctuation in 

pressure, the height of the teeth and the size of the inter-teeth notches. The build up 

of the pressure in the contact zone also oscillates with its maximum occurring at the 

instant when the tooth passes through the axis of the bit. After this point, the pressure 

reduces and gradually the tooth goes out of contact with the medium. 
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In this experiment, the hydraulic system was required to keep at a constant given load 

on the bit. During the drilling process, whenever the pressure becomes less or greater 

than the fixed value, the system automatically displaces the actuator in such a way to 

keep to the required pressure. The tricone bit is structured to produce maximum 

localised pressure exceeding the yield strength of the rock. This is done by 

concentrating the weight of the drill string on small area of the teeth in contact with 

the medium. 

Because of friction and slippage, the rollers do not rotate continuously; excessive 

pressure occurs when fewer teeth (sometimes one tooth on each roller) support the 

entire drill string. In this case, all the weight applied to the bit rests on less than 

18mm2 (in this experiment). If the rock is very hard and the pressure on the bit is not 

enough to crush the medium, the drill string tends to bounce. This causes a normal 

oscillation of the drill string and for this test rig it leads to the lowering of the 

actuator. 
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Figure 4.16: Actual signal of the penetration in sandstone. 
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3.2.3 TEST DRILLING WITH VARIABLE LOAD A TCONSTANT SPEED 

Test drilling was undertaken at this stage to investigate the effect of an increasing 

load on the rate of penetration. As the cutting process involves the teeth impacting 

onto the medium, an increase in the load leads to an increase in the impact force. This 

causes deep cracks to be generated at the point of contact with the rock. The induced 

cracks weaken the rock matter and improve the cutting process 

In this part of the experiment, the rotation speed of the bit was fixed at 50rpm. 

However, due to the type of motor controller described in its respective section and 

the resulting torque applied to the bit, the speed fluctuated between 40rpm and 

50rpm. Therefore, an average speed of 45rpm is considered as the actual speed of 

rotation of the bit. Due to the limits in technical performance of the tricone bit used in 

this experiment, only small loads were applied. Trials with high values have caused 

failure in the bearing in the rollers. For each run of the experiment, different loads on 

the bit were applied: from IkN to 3kN with an increment ofO.5kN. Generally, in rock 

drilling practice, the load applied to the bit is termed "weight on bit" (Was) and this 

term will be used on the graphs. The data were sampled at a frequency of 50kS/s for a 

period of 15 seconds. 

The actuator has a displacement of +25mm and -25mm with the zero position of the 

situated in the middle of its full extension. To obtain a full extraction of 50mm, the 

actuator was lowered to the extreme negative position. This explains the appearance 

of negative values in the penetration scale on some plots. 

Figure 4.16 display the recorded signal of the penetration in the sandstone block 

when a load of I kN, 1.5kN, 2kN and 2.5kN was applied to the bit. Using a linear 

regression curve fitting of each graph, the equation of the trend line, which represents 

the average rate of penetration, was obtained. 
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Figure 4.17: Penetration rate in sandstone. 
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Figure 4. 18: Rate of penetration in limestone. 
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Figure 4.20: Penetration rate in limestone as a function of load 
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Penetration with the time into sandstone and limestone are illustrated in Figure 4.17 

and 4.18 respectively, for different applied loads to the drill bit. These graphs were 

obtained from the equation of the trend line for each signal. It shows that for a given 

speed of rotation, penetration increases with the increase in the weight on bit. 

An average penetration over the sampling time is taken from each test to express the 

speed of penetration into the rock as the load on bit increases. The obtained 

relationship is displayed in Figure 4.19 and 4.20 for sandstone and limestone 

respectively. These curves exhibit a pattern which is also observed in field drilling 

systems. On these plots, two sections are noticeable and are separated with a vertical 

dash line. 

Within the section denoted "abrasion phase", the cutting process is similar to 

grinding. This is because the weight on the bit is insufficient, thus, the rolling cutters 

contact the medium under a small load and the material is removed mainly by friction 

and a wearing action. In this phase the resulting cuttings are in the form of a fine dust. 

With the increase of the weight on the bit, a small penetration occurs, cracks are 

initiated and tiny chips are formed. At this stage, the rock formation fails due to 

fatigue and this section is denoted the "fatigue phase". 

The rate of penetration will increase almost linearly with further increase in the 

weight on the bit until the rock begins to spall. This stage is known as the "spalling 

phase" (Chugh, 1985) where large chips are formed. In this phase, the load is at its 

optimum and any further increase of the load leads to a reduction in penetration. This 

is because after spalling, any further increase of the weight on the bit leads to a 

complete submersion of the teeth into the rock matter. Increased friction and wear 

occurs at the base of the cones and the body of the bit with greater potential for 

failure. This greatly affects the rate of penetration and the overall cost of the 

operation. 
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Figure 4.21: Actual signal of the weight on bit (3kN applied, IOOrpm). 
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Figure 4.22: Signal of the actuator displacement (WOB=3kN, IOOrpm). 
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Figure 4.19 and 4.20 show the drillability of the two types of rock. It is seen that 

sandstone is easy to drill in comparison with limestone. This matches with the results 

on the compressive strength test. 

3.2.4 TEST DRILLING WITH VARIABLE LOAD AND VARIABLE SPEED 

In this set of experiments, drilling is carried out varying both the load and the speed 

of rotation of the bit. This allows the investigation of varieties of drilling conditions 

i.e. the effect of the speed of rotation and the weight on bit on the rate of penetration. 

This test is designed to provide an estimation of the drilling rates for different 

operating regimes. 

Figure 4.21 displays one of the signal of the weight on the bit recorded during the test 

from the load cell. 3kN was applied to the bit and the rotation speed was 100rpm. 

Though an average value of 3.2kN (central line) is observed, the signal depicts the 

random character of the forces experienced by the bit and the drill string. The drilling 

process lasted for a period of 40 seconds and produced a penetration of about Smm in 

limestone. The corresponding signal of the penetration is shown in Figure 4.22. 

A series of test drilling were carried out alternatively varying the weight and the 

speed of rotation of the bit. The weight on the bit covered a range from O.SkN to 3kN 

and the speed ofrotation from 30rpm to 140rpm. In exploitation field, the operation 

of a drilling system requires from the driller a specific aptitude in order to evaluate 

the hardness of the rock formation being currently drilled. This allows him to release 

the appropriate amount of weight on the bit. The performance, the bit life and the cost 

of drilling depend on an adequate balance of the speed and the weight on the bit. 
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Figure 4.23: Penetration into sandstone at different speed. 
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Figure 4.24: Penetration into limestone at different speed. 

4-35 



4. Experimental Pilot Study 

Cost effective drilling can be achieved by maintaining target drilling rates with a 

proper correlation of the weight on the bit with rotation speed. Figure 4.23a compares 

the rate of penetration in sandstone for a bit rotation speed of SOrpm when a weight 

of I kN and I.SkN was applied with a 2.SkN at 30rpm. Figure 4.23b puts side by side 

the penetration of2kN at SOrpm and 2.SkN at 30rpm. 

Figure 4.24a and 4.24b illustrate the penetration rate into limestone when 2kN and 

2.SkN was applied to the bit; the rotation speed varied from 30rpm to 80 rpm. The 

results obtained for I kN and I.SkN are illustrated in appendix 4-4. It follows from 

these figures that a high speed of rotation produces high rates of penetration which 

are also proportional to the applied weight. However, high rotation speed with large 

weight on bit cause damage to the drilling system and shorten bit life. This is because 

in hard and abrasive formations, the wear of the bit is accentuated; therefore care 

must be taken in obtaining the relationship between the weight and the speed of 

rotation. 

It should be noticed that there is no consistency in the rate of penetration between the 

different samples. The results differed from sample to sample because mechanical 

properties are specific for given rock sample. The penetration also varied from test to 

test depending on the direction of drilling. This could be explained by the fact that if 

the drilling were parallel to the formation layers, the rock matter would easily flake 

(similar to how a piece of mica flakes in the direction parallel to the layers). However 

if the drilling were perpendicular to the formation layers then the frontal resistance 

would be higher. All these aspects are not considered in this work; therefore some 

results of drilling in sandstone are close to those of limestone. It was observed that 

some samples of sandstone were hard to drill whilst some limestone blocks were 

drilled relatively fast. This case is illustrated in Figure 4.23 and 4.24 where the 2.SkN 

weight on bit at 30rpm produced almost the same depth of penetration (0.09mm and 

0.11 mm respectively) in limestone and sandstone for the same period of time. The 

results in Figure 4.23 show that sandstone blocks are soft to drill, whereas the curves 

4-36 



4. Experimental Pilot Study 

in Figure 4.24 demonstrate that limestone blocks require relatively high weight on the 

bit. This observation is in agreement with the results of the compressive strength 

(UeS) test, which showed that the limestone samples have a higher compressive 

strength compared to the sandstone. 

The curve in Figure 4.25 was obtained when drilling without drilling fluid. It 

emphasises the importance of the flushing fluid in drilling. In petroleum or gas 

exploration, the drilling fluid is pumped down the hole though the drill pipe. The 

fluid is injected at high velocity and returns back to the surface flowing between the 

drill pipe and borehole wall carrying the cuttings. In the case of loss of circulation of 

the drilling fluid (Iow return velocity), large and heavy chips are not removed from 

the borehole. The remained chips are re-crushed down to small pieces, which are then 

transported by the fluid. The result of this process is a reduced rate of penetration 

(ROP). This effect is observed in this test (Figure 4.25): after 100 seconds of 

continuous drilling without flushing, the slope of the penetration changes. At the end 

of this test drilling (300 seconds) the cuttings were in the form of very fine power, 

partially compacted in-between the teeth. The roller-cones appeared bulky-like with 

the teeth completely submerged in the compacted powder. The compacted powder 

formed a solid mass which strongly adhered to the body of the cones. This prevented 

any further indentation of the teeth in the rock matter and consequently it affected 

chip formation and reduced the rate of penetration. 

To express the relationship between the rate of penetration (ROP) and the speed of 

rotation of the bit for a given weight, the average of penetrations at different rotation 

was taken. Figure 4.26 and 4.27 show the rate of penetration in sandstone and 

limestone respectively. It is observed that both in sandstone and in limestone, the rate 

of penetration increases linearly with the speed of rotation. The inconsistency of the 

hardness of the rock samples and the fluctuation of the weight on the bit due to 

performance of the hydraulic system have a considerable effect on the outcome of 

these tests. However, the obtained results follow the general trend of drilling practice. 
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Figure 4.28:Test drilling ending with a broken bit 
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In general drilling practice, the rate of penetration increases with the rise in the speed 

of rotation up to a certain point where the penetration begins to decrease and the bit 

wear increases sharply. To obtain a maximum rate of penetration, first, a low speed of 

rotation is set; second, the weight on the bit is increasing until large chips are 

produced (spalling phase); third, the speed of rotation is increased to the target 

penetration rate. 

3.2.5 VIBRATIONALDRlLUNG 

The third part of this experiment involves a set of drillings with application of 

vibration. The core of the entire experimentation was to explore a possible increase in 

the rate of penetration by superimposing low frequency vibration onto conventional 

rotary drilling. Therefore, this test was not designed to seek any optimal drilling 

parameters. The servo-hydraulic controller of the test rig incorporates a function 

generator which permits the oscillation of the displacement of the actuator. By this 

means a vibratory load is applied to the bit. A series of failure were encountered 

during this set of tests, resulting in two destroyed drill bits and a broken coupling 

mechanism between the gearbox and the bevel. 

Figure 4.28 illustrates a signal of the weight on the bit when a failure occurred. 

Examination of the broken bit suggested that first the ball bearing in the roller cones 

failed and the bit became stuck in the borehole. This resulted in a high torque 

between the bevel and the gearbox leading to a breakdown of the coupling 

mechanism. The coupling was designed to protect both the motor and the drilling 

string, thus its failure was expected. The 72mm tricone bit is the smallest amongst 

rock drilling bits. Because of its milled steel teeth and relatively weak bearing, this 

type of bit is not used for drilling very hard rocks such as those involved in this test. 

This is the main reason of its frequent failure. 
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For this set of test drilling with vibration, a weight of I kN, I.SkN, 2kN, 2.SkN and 

3kN was applied to the drill bit at different speeds of rotation. The load on the bit was 

oscillated sinusoidally at 10Hz and ISHz. The amplitude of oscillation was set to 

SOON. 

Figure 4.29 shows the penetration in sandstone at different weight on bit. The speed 

of rotation was set to SOrpm; however, due to a constant fluctuation an average of 

4Srpm is considered as the actual speed of the bit. The frequency of oscillation was 

10Hz. Referring to previous results with the same parameters, a small enhancement 

can be seen, especially in the region of 2kN and above. With the increase of the 

vibration frequency and the speed of rotation, a noticeable improvement was 

observed. 

Figure 4.30 compares the results of drilling in sandstone at SOrpm with l.5kN applied 

to the bit. The frequency of the superimposed vibration was ISHz. It is seen that for 

the same period of time, the process with added vibration has drilled 1.2 times deeper 

than the conventional drilling (with no vibration). In Figure 4.31, where the rates of 

drilling in sandstone with vibration at 10Hz and ISHz are compared, the same trend 

is observed. The slopes here seem to be slightly greater than the ones in Figure 4.30; 

this is because of the drilling in two different samples, which obviously have 

different compressive strength. Moreover, each test was carried out on different sides 

of the block. This also accentuates the inconsistency in hardness which depends on 

the natural conditions when the rock was formed and the direction of drilling as 

stated previously. More results are presented in appendix 4-S. 
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Figure 4.30: Drilling in sandstone at 50rpm with and without vibration. 
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Figure 4.31: Drilling in sandstone with vibration at 10Hz and 15Hz. 
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Figure 4.32: Drilling in limestone with vibration at 15Hz. 
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Contrary to sandstone, drilling in limestone with vibration proved' to be more 

effective. Figure 4.32 represents the penetration rate obtained when drilling in 

limestone at 15Hz. These results are very high (almost double) if compared to other 

results of drilling in limestone. Such a large discrepancy between the two sets of 

results can be interpreted in different ways. As mentioned before, the constant 

change in rock hardness is one of the causes. On the other hand an error could have 

been induced in the system performance due to the superimposed vibration though 

the average weight applied to the bit being almost the same as set on the indicator. 

However, as will be shown in the theoretical modelling of penetration, the vibro

impact process is more effective in hard material. Therefore, this effect of a high rate 

of penetration in limestone is likely to be realistic rather than erroneous. 

The average rate of penetration obtained when drilling in sandstone. with 

superimposed vibration is presented in Figure 4.33. At 45rpm, the drilling with 

vibration has produced a rate of penetration which is slightly higher than the rate 

obtained with conventional rotary drilling at 45rpm (simple rotation). However in 

Figure 4.34 test drillings in limestone, which is harder, the added vibration at 15Hz 

gave a remarkable advantage over traditional drilling without vibration. 

Though drilling with oscillation in sandstone showed a little improvement at 10Hz, 

an increased penetration is observed with an increase in vibration (Figure 4.31). This 

result and the outcome of drilling in limestone indicate that low frequency vibration 

can bring considerable improvement in rock drilling. 
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Figure 4.34: Rate of penetration in limestone, drilling with and without vibration. 
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3.2.6 POWER CONSUMPTION 

During the calibration process and the test drilling, power was recorded using Hall 

effect transducers which were described in respective sections of this chapter. 

Analysis of the total power consumed over each test drill has revealed that the power 

decreases with the application of vibration. 

Figure 4.35 shows the power consumed to rotate the drill shaft with no load applied 

to the system. The speed of rotation was increased from zero up 350rpm in a series of 

runs. For each run the speed was swept from zero to a given value and then a sample 

reading was taken. The picture indicates that there is a leakage of energy in the motor 

system. It shows that at zero rpm (1-IOrpm) the motor consumed about 2W. This 

energy is partly spent in the form of losses in the bearings, the gearbox and the bevel 

and to spin up the rotor with the drill shaft. Also the thyristor controller has its 

threshold sensitivity and consumes a certain amount of energy. Ideally, the curve 

would originate from zero. It was noticed that between zero and IOrpm the rotor of 

the motor would rotate with deceleration and at times would stop for a while and then 

accelerate again. This may be caused by some irregularity in the control system or a 

malfunction of the motor or the thyristor controller. 

The power recorded when drilling with different weight on bit at 45rmp is shown in 

Figure 4.36. The results show that sandstone required less power than limestone, 

which is harder. It is seen that in sandstone, the power increased linearly with an 

increase in the load. However, the trend of power consumption in limestone exposes 

some inconsistency due to the hardness of the rock samples mentioned earlier. 
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Figure 4.38: Compare vibro-power for Sandstone. 
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In conventional rotary drilling without vibration, for a given weight on bit, the power 

consumption of drilling in sandstone and limestone is almost identical at low speeds 

of rotation, (see Figure 4.37). On the other hand, with an increase in speed, the power 

needed to drill in limestone becomes greater. 

Test drilling with superimposed vibration produced considerable changes in the trend 

of power requirement. Figure 4.38 compares the results of drilling in sandstone with 

and without vibration. In this test drilling, the speed of rotation was set at 40rpm, the 

weight on bit varied from zero to 3kN and vibration at 10Hz was applied with SOON 

in amplitude. It was observed in the previous results that the power required to drill in 

sandstone increased linearly with the weight on the bit (Figure 4.36). In this set of 

data, the irregularity of the hardness of the sandstone samples is observed in the curve 

of the power of drilling with no vibration. A reduction in power consumption is 

observed with the introduction of vibration. For oscillation at 10hz, the reduction in 

power is not considerable. 

Figure 4.39 demonstrates the results obtained from test drilling in limestone. The 

speed of rotation was 40rpm, the load was increased from zero to 3kN and vibration 

was applied at 15Hz. The irregularity in power on both curves, characterizing the 

discrepancy in the hardness of the samples, is also observed here. This test reveals a 

substantial decrease in power requirement. A reduction of about 40 percent is 

observed. 

4. DISCUSSION 

The results obtained show that the rate of penetration increases with the increase of 

rotation speed and the applied weight on the bit. However, with the conventional steel 

tooth bit, the increase of these two parameters beyond reasonable range causes failure 

of the bearing and rapid wear of the tool, consequently the bit life is reduced to 
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minimum. This was experienced in this investigation with broken bits at relatively 

high speeds (lOO-\SO) and 3.SkN applied to the bit. 

Application of vibration to the drilling process has produced high rates of penetration. 

In limestone, the superimposed vibration has shown a considerable improvement. 

Drilling in sandstone with added vibration has provided acceptable results within the 

framework of this investigation. 

Though the applied vibration was of low frequency (10 and ISHz) with small 

amplitude, the obtained results have proved that periodic oscillation of the applied 

load on the bit and the resulting impact loading produces high penetration rates. 

Relatively high rates obtained in drilling with vibration in hard limestone give a 

practical support for the theoretical model ofvibro-impact penetration. 

The trend of power consumption shows that drilling in limestone requires more 

energy than in sandstone which is relatively soft. Th\! power requirement obtained 

from this experiment indicates that conventional drilling with constantly applied 

weight on bit consumes more energy than vibration drilling. 

Though the drill bit used in this experiment was not appropriate for drilling in very 

hard rock, the results are supportive and the following positive outcomes are 

deduced. 

Superimposed vibration increases the rate of penetration. 

The penetration rate increases with the frequency. 

Power consumption is reduced with the application of vibration. 

With a proper correlation of speed of rotation and WOB, a steel toothed 

bit can be used to drill in very hard rock. 
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A SELF-EXCITING SYSTEM FOR PERCUSSIVE-ROTARY DRILLING 

1. INTRODUCTION 

Vibration has always been regarded as having a destructive effect on human 

beings, construction and mechanical systems. However, in many technological 

processes such as sieving, ramming, transport, machining and drilling, vibration is 

widely used. Vibration is predominantly used in pile driving, road and 

construction equipment, tamping, hammer drills, in mills for fine ground 

materials, in machining of very hard materials, in conveying and transporting, 

also in moulding machines for reinforced concrete and many other hand-held 

machines. The impact action is used in a range of damping and vibration isolators. 

In many cases impact and vibration are viewed as separate events. Recently 

introduced vibro-impact theory has made it possible to design a new generation of 

machines and technological processes that use synergistic impact as a 

fundamental principle of operation. 

Improvement is constantly sought when drilling in order to increase the rate of 

penetration, the time span between maintenance services, the life of the drilling 

system and to reduce the overall cost of the drilling process. Current drilling 

methods tend to increase the rate of penetration by balancing the speed of rotation 

and the weight on the bit. This often leads to failure of the drill string, which 

undergoes complex loading. The load is exerted in such a way that the upper part 

of the drill string is in extension and the lower part is in compression. To control 

the parameters of the drilling process (actual speed of rotation, weight on bit, and 

torque on bit), complex techniques are used in order to detect and monitor the 

whirl, stick-slip vibration, and the forces and stresses in the drill string. This 

increases the cost of operation and reduces efficiency, (pavone, 1994). 
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2. DEVELOPMENT OF VmRo-lMPAcT SYSTEMS 

2.1 Historical Evolution 

Vibro-impact mechanisms have been studied and widely used in various fields of 

engineering, specifically in drilling and pile driving. After World War 11, 

construction development in the former Soviet Union gave an enormous impetus 

to industrial promotion ofvibro-impact systems. Major research was concerned in 

finding adequate parameters (maximum impact force) for the development of new 

machines and the intensification of technological processes with the help of 

different mechanisms of excitation of vibration and impacts. 

The dynamic behaviour of the treated media was not accounted for in the early 

design of vibro-impact systems, consequently the machines were over-powered 

and the desired output parameters had to be sought via suitable adjustment in 

fieldwork. Basic models of machines were developed; some of them included the 

interaction with the medium during penetration as demonstrated by the work of 

the following investigators: Tsaplin (1953), Neimark (1953), Blekhman (1954), 

Brakan (1959), Savinov et al (1960), Tseitlin et al (1987) and Bespalova (1957). 

This led to a theory of vibro-impact mechanisms; Lukomskii (1959), investigated 

the operational modes ofvibro-impact hanuners. Batuev et ai, (1977) thoroughly 

investigated impact processes. Babitsky (1978) developed the concept of resonant 

vibro-impact systems and accommodated vibro-impact systems within the general 

theory of non-linear systems. In Japan, Kumabe (1979), led research on 

machining with vibration and ultra-sonic machining, and some books were 

published on this subject. 

The early single degree of freedom model of vibro-impact penetration of a tool 

into a medium is schematically shown in Figure 5.1. The system consists of the 

vibrating body 1 of a mass m suspended on springs 5 of a total stiffuess k. The 

vibrating body has a striker 3 attached to its lower part. The two eccentric masses 

2 counter-rotate in the direction as shown in Figure 5.1 and excite the oscillation 
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of the body 1. During the vibration, the striker 3 impacts on anvil 4, which is 

mounted on base 6. A gap 7 is secured between the striker and the anvil. 

Tsaplin (1953) and Barkan (1963) carried out an analytical investigation of 

system motion. They considered only elastic deformation and assumed that the 

impact was instantaneous, thus they related velocities before and after impact 

through the coefficient of restitution. The equation of motion of the system was 

derived as follows, Tsaplin (1953) 

i+wn'x; Fsin(wI+B)- /[0(/) +(0(1- T) +0(1 -2T) ... ] (5.\) 

(5.2) 

Where w. ; .J k I m is the natural frequency of the unit on the springs; F- the force 

developed by the rotating eccentric weight; 1 is the time; W is the angular 

frequency of the rotation of the weights; [0(1)+0(1-1}+ .. ] is the series of impact 

forces at a time interval equal to the period T, B is the phase shift between the 

force and the displacement x, R is the coefficient of restitution between the striker 

and the anvil (see Figure 5.1) and xT is the impact velocity of the vibrating unit at 

time /=T. The solution was sought by Laplace transform considering impact as 

successive impulses. A periodic motion was found when the ratio of the system's 

natural frequency and the frequency of excitation is an integer i.e. y = aim,;I, 2, 

3, ... 

Bespalova (1957) carried a stability analysis and proved that a stable periodical 

motion exists for integer relationship between W and m,. Later, Lukomskii 

examined the equation of impact velocity varying the frequency ratio and the 

coefficient of restitution and the results of his study were of the same order. 

Later, it was shown (Babitsky, 1966, 1978) that the most effective vibro-impact 

regimes always exist outside the frequency relationship specified by Bespalova 

Kobrinskii used a forced vibrating ball with gravity bouncing on a stairway to 
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model a pile driven by vibro-impact, see Figure 5.2. He introduced a damping 

term in the equation of motion of the system. 

mX + eX = Fcos(mt+B)+mg (5.3) 

Where ex is the coefficient of damping in the system, m- mass of the ball and F

is the force; m is the angular frequency of the forced vibration and g is the 

gravitational acceleration. With this system, Kobrinskii identified several modes 

of impact regime. 

To reflect the depth dependency, Tsaplin introduced a two-degree of freedom 

system, shown in Figure 5.3 with its dynamic equivalent. With reference to Figure 

5.1, in this model all the numbers have the same meaning. As the pile 8 makes its 

way into the soil 6, the total resisting force increases. This is caused by the 

increase of the force of friction on the sides on the pile because of a greater 

surface of the pile's body entering in contact with the soil. The frontal resistance 

of the soil increases because of partial compaction of the soil ahead of the pile. 

The progressive increase in total force is accounted for by gradually increasing 

the mass of the pile as it moves into the soil. This is shown in Figure 5.3b by the 

added mass ahead of the pile. The equations of motion are similar to equation 

(5.1 ). 

mIx, + k(x, -x2) = Fsin(mt+ B) -S[ o(t-T)+o(t- 2T)+ ... ] 

m2x2 +k(X2 -x,) = S[ o(t-T)+o(t- 2T)+ ... ] (5.4) 

Where m} and m2 are respectively the mass of the vibrating unit and the pile. x} 

and X2 are respectively the displacement of the vibrating unit and the pile. The 

other designations in equation (5.4) have the same meaning as in equation (5.1). 
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Figure 5.1: SDOF Impact Model after Tsaplin 

\- vibrating unit; 2- eccentric mass; 3 - striker; 
4- anvil; 5- spring; 6- base (soil), 7- gap 

Figure 5.2: Force vibrated ball, Kobrinskii (1969) 

-----------------, , 
; , 

Increase of ! 
8 mass of the i 

pile ! , 
; 

.. .i 

Figure 5.3: a- 2DOF system; b- Dynamic equivalent, (Tsaplin) 
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The concept of equivalent mass adopted by Tsaplin leads to inertial properties of 

the soil to be considered, whilst the resistance of the soil and damping in the 

system are omitted. Despite the lack of soil properties, Tsaplin argued that these 

models were adequate to provide the designer with all necessary parameters of the 

machine for design purposes. 

2.2 Vibro-Impact Systems. 

An impact is defined as a single collision of a moving body against another one 

which may be in motion or at rest, Harris, (1988). The foUowing types of impact 

are possible: direct, oblique, central, eccentric, tangential and meeting. The 

collision develops through two major phases: loading and unloading. The loading 

stage goes from the instant of contact of bodies to maximum deformation; the 

unloading phase starts at maximum deformation and ends at the separation of the 

bodies. However, in constrained oblique impact with friction, Babitsky, (1978) 

noticed that the loading phase could be apportioned into two stages due to the 

change in sign of tangential velocity within this phase. Wang et al, (1992), have 

reported two phases (compression and restitution) with five modes in oblique 

impact: sliding, sticking in compression phase (C-sticking), sticking in restitution 

phase (R-sticking), reverse sliding in compression phase (C-reverse sliding), and 

reverse sliding in restitution phase (R-reverse sliding). 

A vibro-impact system is defined as a mechanical system with systematic impact 

interactions of its elements, Babitsky (1978). Any two members of the system that 

are involved in a single impact are treated as an impact pair. There exist impact 

pairs with single-sided impact (see Figure 5.4a) and double-sided impact (see 

Figure 5.4b) depending on the number of surfaces involved in one-dimensional 

impact on each member. There are also certain vibration machines in which 

impact does not occur. Independently of their purpose, vibration and vibro-impact 

machines have an actuator or exciter and a vibration system. The actuator is 

supplied with energy to generate a periodically oscillating force which is applied 

5-6 



5. A Self-Exciting System for Percussive-Rotary Drilling 

to the vibration system. The ratio of the energy supplied to the process to the 

energy dissipated by the actuator and the vibrating system defines the efficiency 

of the machine. Among vibration machines, resonant machines have a higher 

efficiency as they operate near the natural frequency of the system. Resonance is 

the selective response of the vibration system to periodic excitation at a frequency 

near the natural frequency, Astashev et ai, (2000). This particular property of 

resonant machines affects the practical application of these machines because of 

the complexity of keeping resonance in conditions of unpredictable loads to 

observe the requirement of the operating system. 

Many theoretical and experimental studies of vibro-impact systems are devoted to 

understanding impact vibration absorbers. Figure 5.4 illustrates various 

arrangements of vibro-impact dampers. These consist of a small mass attached to 

the main body with a clearance that allows for the collision between both 

elements. In Figure 5.4a, the impact vibration absorber, the "free absorber" has a 

loose mass set at clearance LI to produce a double-sided impact. Figure 5.4b shows 

a single-sided vibro-impact absorber with an elastic element. A linear double

sided impact absorber with two restoring elastic elements is shown in Figure 5.4. 

A similar absorber with visco-elastic bumpers is illustrated in Figure 5.5. 

Another typical field of application of vibro-impact systems is percussion 

machines. Figure 5.6 illustrates a hand-held electro-pneumatic hammer drill 

which operates as follows. The motor I drives the piston 4 through the crank 

mechanism 3 and the gear train 2. The piston, moving forward compresses air in 

the chamber 5; the hammer 6 is projected forth and impacts the intermediate anvil 

7. The anvil conveys the impact impulse to the medium through the working tool 

8. In the backward motion of the piston 4, the air in the chiunber 5 tends to 

expand and sucks up the hammer 6. Thus, air comes alternately into compression 

and expansion and drives the hammer to impact periodically the anvil. 
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Figure 5.4: Various arrangements of vibro-impact dampers, Babitsky (1978) 

G C, 

Figure 5.5: Force vibrated system with a double-sided impact, Massri (1972) 

Figure 5.6: Hand-held hammer drill, Astashev et al (2000) 
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The barrel 10 supports the anvil with resilient elements. The bevel 11 rotates the 

barrel together with the percussion mechanism and the tool. The rotation of the 

tool takes out any chips produced by the percussive action. The operator applies 

the force P required to keep the tool in contact with the medium. 

2.3 Dynamic Model ofVibro-Impact System 

Dynamic behaviour of vibro-impact systems is often studied by investigating the 

motion and the amplitude-frequency response of an oscillator colliding with a 

rigid stop. The model of such an impact oscillator (see Figure 5.7a) is made of a 

mass M on a spring of stiffness k and the stop is placed with clearance at a 

distance ,1. 

If there is no stop on the path of the mass M, the motion of the system under 

harmonic excitation is defined by a sine wave. Assuming that both the mass and 

the stop are made of perfectly elastic materials, their coefficient of restitution is 

theoretically equal to unity. Therefore, after impact the mass will bounce with a 

velocity equal by value to the velocity before impact. 

In a vibro-impact system, the impact pair can be set with negative, positive or 

zero clearance. If in the system, the impact pair is set with interference (preload), 

the clearance ,1 is considered as negative. The motion of a system with impact 

interaction is illustrated in Figure 5.7b where, for any different initial condition, 

the period T/ is greater than To. However, the period of the free vibro-impact 

regime carmot exceed the period of the linear system without stop. Figure 5.8 

displays the phase portrait of a vibro-impact system with different settings of the 

clearance ,1. 

Vibro-impact systems are generally force vibrated and depending on the dynamics 

of the system; the impacting mass can produce a single impact per period (Figure 

5.9a) or multiple impacts per period. However in multiple impacts, the amplitude 
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decays as the impacts are repeated. This case is depicted in Figure 5.9 for the 

motion of the hammer 6 of the hand-held drill illustrated in Figure 5.6. 

Several studies have been devoted to the process occurring in-between two bodies 

during their impact in order to determine the coefficient of restitution, the impact 

force and the duration of impact. Considering a straight central impact of bodies 

with masses ml, m2 and velocities x" x2 ; (x, >x2), and using the law of 

conservation of momentum, the coefficient of restitution is expressed as follows 

R = X2+ -XI+ 
x,_ + x2_ (5.5) 

Where, x,_, x2_ are the velocities of bodies before a collision; x2+' x,+are the 

velocities of bodies after a collision. 

In a recent publication, Babitsky et aI, (1998), investigating the evolution of 

collision, used a lumped body of mass m that collides with a visco-elastic (Kelvin

Voigt element) bumper mounted on ,a wall. The bumper is made of a spring and 

dashpot (with viscous damping c) mounted in parallel. An accelerometer attached 

to the mass records the acceleration during the collision in time based. The 

eqUfltion of system motion is solved for time r, which is the duration of impact 

and is obtained as 

(5.6) 

Where, .; is the damping loss factor; .; = c and Q n is the natural frequency of 
2mQ. 

the system. It is observed that the impact duration depends only on system natural 

frequency and damping loss factor. During the evolution of the impact, the peak 

acceleration (i.e. max impact force) occurs at time ri, which is expressed as 

follows: 

(5.7) 
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Figure 5.7: Linear single-sided impact oscillator 
a- schematics of the oscillator; b- motion with time; 
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Figure 5.8: Phase portrait of system motion with impact, Babitsky (1978) 
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Figure 5.9: Vibro-impact regimes, Astashev et al (2000) 
a- single impact; b- multiple impact per period. 
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Knowing the velocity at impact, the peak acceleration, the duration of impact and 

the velocity at the end of impact, it possible to work out the dynamic properties of 

the system. The coefficient of restitution is also derived as a function of loss 

factor, hence, it is expressed as 

R = x(r) = exp[- ~ arctan(- 2~RJ]sin[arctan(- 2~RJ] v ~1_2~2 1_2~2 1_2~2 (5.8) 

where x(r) is the velocity at the time of separation, v is the pre-impact velocity. 

3. THE SELF-EXCITING SYSTEM OF PERCUSSIVE-ROTARY DRILLING 

In drilling, there exists a wide variety of equipment and technique including 

percussive drilling, vibro-impact drilling and rotary percussive drilling. However, 

most of these techniques require at least two actuators and synchronizing 

mechanisms to perform vibro-impact or rotary-percussive drilling. A new model 

of percussive-rotary drilling is presented here and analysed. This model has a 

single actuator and utilises the stick-slip in the process of drilling to excite a 

percussive action through a coupling mechanism. 

In general, a rotary drilling system consists of a drive, a gear train, a bevel, a 

rotary table, a drilling string, a collar and a bit. Figure 5. I 0 shows a sketch of a 

typical drilling system. The motor drives the rotary table through the gearbox and 

the bevel. The table rotates a long slim drill string made of jointed drill pipes with 

the collar at the lower end. The bit is mounted on the system through a drill hub. 
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Figure 5.10: Typical structure of rotary drilling system. 
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Figure 5.11: Planar model ofthep'vibro-impact drilling system. 
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3.1 Mechanical Model of The System 

Figure 5.11 shows a planar sketch of the model of the drilling system. The drive I 

moves with constant linear speed v. A bit 2 with mass m] is driven over a rough 

surface through spring 3 with stiffness k]. Lever 5 carries striker 4 at its upper 

end and rotates freely about the pin 7 mounted on the drive I. The other end of the 

lever is linked from one side to the bit 2 through a secondary spring 6 with 

stiffness k2. From the other side, the lever is coupled to the drive by a dashpot 

with a viscous coefficient Cl. There is dry friction between the bit and the surface. 

The drive I represents the entire drilling system shown in Figure 5.10 with a total 

mass greatly exceeding the mass of the drill bit. Therefore, it is considered that 

the drive I moves with a velocity v, which is not affected by the activity of the bit. 

The velocity v is the linear speed of bit rotation. The intention is to decouple the 

vibration of the bit from the drill string. This is performed with the help of a 

special mechanism which is represented by the springs 3 and 6, the dashpot and 

the lever 5. There are different ways of implementing this decoupling mechanism. 

Hydraulic actuators, cams, system of levers, specially designed springs or 

mechanically reciprocating devices could be used for this purpose. 

The entire system operates as follows: when riding over the surface, due to dry 

friction, the bit moves stepwise sticking and sliding intermittently; thus spring 3 

comes into compression and extension alternatively. Such motion evokes the 

deformation of spring 6, and consequently, the striker 4 oscillates around its 

equilibrium position. Both bodies will vibrate at different frequencies, exhibiting 

generally complex non-periodical motion. The aim of this structure is to use 

friction-induced vibration to generate an intensive periodic vibro-impact process 

with a proper synchronisation of the motion of the bit and the striker and to 

control the stick-slip. 

At the beginning, the bit 2 will be at rest until the total pulling force in the springs 

becomes greater than the static friction force acting between the bit and the 

surface. This period of motionless state is known as the "stick phase". Within this 
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phase, the drive moves constantly and spring 3 is extended. With the increasing 

distance between parts I and 2, the lever 5 rotates clockwise around the pin 

because its lower end is attached to the bit through spring 6 with stiffness k2. 

Consequently, during the sticking phase the striker moves upwards. The shoulders 

of lever 5 are of equal length with an angle of 90° between them, and this converts 

forces applied to the lower end in a horizontal direction into vertical forces, which 

are transferred to the striker. As soon as total pulling force exceeds the static 

friction force, bit 2 moves promptly following the drive. This period of motion is 

called the "slip phase". By its sudden motion, the bit pushes the lever anti

clockwise through spring 6. As a result, the striker is forced to hit the bit, which is 

in motion. During the slip phase, the force in spring 3 is released but the residual 

deformation of this element depends on how far the bit has moved towards the 

drive. The reduction of the forces in the springs by relaxation and the additional 

braking effect due to impact allows the static friction force to become greater than 

total pulling force. Consequently, the motion slows until the bit stops and sticking 

takes place again. The cycle repeats itself and such motion is known as "stick-slip 

motion". 

The system is launched with a zero initial condition; thus, the amplitude of 

oscillation of the striker increases gradually until the striker begins to impact on 

the bit when the latter is moving. At impact, the friction force increases sharply 

and the total pulling force is reduced by relaxation of spring 3. These last two 

events confine the bit to decelerate and to come to rest. The parameters of the 

system strongly affect each other, therefore a proper correlation of masses and 

stiffness in the system is intrinsic for the process to converge to a stable solution. 

If the required relationship is satisfied, the motion of both subsystems synchronise 

and the entire system comes into steady state motion and locks into a limit cycle. 
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3.2 Characteristic of Friction Force 

There exist several approaches for the mathematical representation of interface 

dry friction force in a given process. Some of these mathematical interpretations 

of dry friction were explained in chapter 3. The friction characteristics must be 

chosen carefully in order to reflect accurately the interface force between the 

rubbing surfaces. The characteristics of the interfacial frictional force Flv) 

adopted in this investigation are given by the following relationship: 

F,(v) = .um,g(l-~+ I v
3 

!)sgn(v) 
v" 3v" (5.9) 

Where, v is the sliding velocity, .u is the coefficient of dry friction, g is gravity 

acceleration. This expression is shown graphically in Figure 5.12 where, Vcr is the 

critical sliding velocity on the falling characteristics beyond which friction force 

begins to increase (Stribeck velocity, Stribeck, 1902), Fa=F,(va) is the 

corresponding friction force. To obtain self-sustained vibration, the sliding 

velocity must be at some stage on the negative slope or Ivl < v". 

3.3 Equation of Motion 

The equations of motion of the entire system in Figure 5.11 are derived relative to 

drive 1. The bit co-ordinate relative to the drive is Xl; X2 is the striker co-ordinate. 

Absolute displacement of the bit is dermed by X=XI+Vt. The equations of motion 

are: 

m,i, = -k,x, - k2(x, - x2) - F,(x) + <I>(X2,X2) 

m2x2 = -C2X2 - Js(x2 - x,) - ~(X2,X2) (5.10) 

Here, F, (x) is the force offriction; <1>( x 2 , x2 ) is the added friction impulse at the 

instant of impact of striker on the bit and ~X2,X2) is the impact force of striker 4 

colliding with the bit. The friction force is then expressed in the following form: 
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Where is,=JIRIlg is the force of static friction. In this investigation, the coefficient 

of static friction I! is taken as equal to 0.4. The added friction force due to impact 

is 

(5.12) 

4. ANALYSIS OF SYSTEM FREQUENCY RESPONSE WITHOUT IMPACT 

In order to understand the dynamic behaviour of the system, this analysis has been 

split into two parts: analysis of the system with and without impact. In the 

absence of impact, the system obtained is a two degrees-of-freedom system 

incorporating dry friction. The resulting equivalent subsystem is shown in Figure 

5.13 where all referencing numbers have the same meaning as in Figure 5.11. 

In Figure 5.13, there is no impact interaction between the striker 4 and the bit 2, 

therefore the impact force 3( x2 ' x2 ) = O. and the added friction force due to impact 

11>( x2' x2 ) =0. The equations of motion of the system are reduced to the following: 

mlxl =-kIXI-k2(XI-X2)-Fr(x) 
m2x2 = -C2X2 - k2 (X2 - XI) (5.13) 

Because dry friction has little effect on the system frequency response, the 

expression of friction force in equation (5.13) can be omitted to simplify the 

calculations. 
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Figure 5.12: Friction Force Characteristic. 
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Figure 5.13: Equivalent model of the system without impact. 
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Assuming that the motion of the system is periodic and is composed of harmonics 

of different amplitudes and frequencies, the solution of equation (5.13) is 

represented in the following form. 

XI = Asin(wt+tp); X2 = Bsin(wt + tp) (5.14) 

Where, A, B and tp are arbitrary constants and co is one of the natural frequencies 

of the system. Substituting equation (5.14) into (5.13) and rearranging, the natural 

frequencies of the system are obtained by equating the determinant to zero. 

-k2 =0 
k2 -m2w

2 (5.15) 

The frequency equation is obtained by expanding the determinant in equation 

(5.15). Solving equation for co gives 

(5.16) 

Equally, the eigenvalue problem for vibration analysis can be used to obtain the 

natural frequencies of the system. Both approaches were use in a MatLab code to 

calculate the natural frequencies of the system and the obtained results were 

identical. 

4.1 Numerical Simulation of System Motion without Impact 

MatLab-Simulink package software was used for numerical simulation of 

equations of motion of the system. This package offers a range of facilities for 

dynamic simulation of mathematical models. In Simulink, the differential 

equations are represented in a set of diagrams similar to solving differential 

equation on an analogue computer. Solutions of the system are visually displayed 

dynamically in the form of a plot on an oscilloscope; the data may be stored on a 

hard disc in matrix form for further manipulation using MatLab or other software. 

To solve the equations of motion of the system, a Simulink model was developed. 

The model has seven main sections which are marked from I to VII as shown in 

appendix 5-1. The fITSt section computes solutions of the subsystem bit-spring 3; 
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the second section computes the solution of the subsystem striker-spring 6 (see 

Figure 5.11). These two sections are coupled through spring 6 which drives the 

striker. The third section is more complex because of decision making on the state 

of the friction force. In this section, the force of friction is calculated and a series 

of logical and relational operators are set to determine the actual state of bit 2. At 

each integration step, the current value of bit velocity is compared with zero. If 

the velocity is not equal to zero then the friction force is calculated as a function 

of absolute velocity given by the first part of equation (5.11). As soon as the 

velocity becomes zero, the current value of the spring force is estimated. This 

value is then compared to the static friction force to decide which of these two (in 

absolute values) should be taken as actual friction force. The friction force is set 

to be the smaller of these two values. Subsequently, the sign of spring 

deformation is determined and the direction of friction force is set opposite to 

spring deflection. The output of this section is either dynamic friction force (if the 

velocity differs from zero) or the minimum force between static force and the 

force of deflection in springs (if the velocity is zero). Upon making this decision, 

integration continues. 

The fourth section searches for impact occurrence and computes the force of 

impact using equation (5.18). Section five is triggered by the signal of the impact 

from section four and calculates the instant increase of the friction force due to the 

impact. The sections marked VIa VIb are identical and process the signal in a 

frequency domain. The output of theses two sections is the period and the average 

power spectrum of the system response. Additional sections were designed to 

record integration time and system variables and to display continuously the 

solutions of the system on the screen. The diagram of the Simulink model is 

shown in appendix 5-1 

For greater accuracy, a Runge-Kutta fourth and fifth order solver is used in this 

simulation. In Simulink, this method has a variable step of integration that allows 

special events to be tracked. It automatically reduces the step size when needed 
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and this feature has been used to accurately capture the zero crossing of the bit 

velocity, and the interaction of the striker with the bit. 

4.2 Identification of the System Synchronisation Frequency 

The equation of motion of the system (S.13) was solved numerically using the 

Simulink model illustrated in appendix S-1. The motion and the frequency 

response of the system were initially studied with an arbitrary variation of mass, 

stiffness and damping over a wide range. This allowed for a full investigation of 

the relationships between the parameters of the system, especially the preferable 

amount of damping. The mass varied from 5kg to 800kg, the stiffness from 

2SN/m to SMNIM and the damping from zero to SOON .s/m. Three types of motion 

were obseryed, namely: aperiodic motion, periodic unstable with two frequencies 

and stable periodic motion with a single frequency component. 

Figures 5.14 5.15, S.16 and 5.17 give an example of phase portrait and frequency 

response of the bit and the striker respectively for an unstable periodic motion 

with two natural frequencies with the following configuration. kJ = 306250 N/m 

k} = 914260 N/m; mJ= 150 kg, m} = 400 kg; c} = 2S0N.s/m. 

To obtain synchronised motions of the bit and the striker, proportionality factors 

were introduced in terms of mass ratio p = m}/mJ and frequency r = mJimJ. An 

empirical study was undertaken by varying p and r and a careful selection of 

damping. This investigation allowed for proper correlation of the system 

parameters and an identification of a narrow band of values p and r where the 

system exhibits stable periodic motion with synchronisation. Empirically, it was 

established that for an acceptable periodic motion, the mass ratio must less than 

O.S. This factor is studied in the vibro-impact section where it has an important 

effect on the system motion. 
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Figure 5.15: Bit frequency response 
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Figure 5.16: Phase portrait of the striker motion 
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Figure 5.17: Striker frequency response. 
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A set of friction characteristics was obtained for different values of the driving 

velocity v. Figure 5.18 shows the force of friction in the system for different 

driving velocities and Table 5.1 gives the numerical values of these parameters. 

__________________ Table 5.1 

Parameter 

Driving velocity, rnIs 

Mass, kg 

Stiffuess, N/m 

Viscous damping, N.s/m 

Numerical values 

v = 0.5, 1.0, 1.5, 2.0, 2.5 

mJ= 250; m2 = 100 

kJ= 156250; k2= 35156 

Q=250 

Considering the subsystems bit-spring 3 and striker-spring 6 with natural 

frequencies ill, = ~k, / m, and ill2 = ~k2 / m2 respectively and substituting the 

numerical values from Table 5.1, we obtain illJ=25 radis and lV.F18.75 radis. The 

response frequencies of the system is obtain from equation (5.\6): al,1I=29.34radis 

and IlJnF15.97radis. 

Figures 5.19 - 5.21 show the velocity of the bit for different values of the driving 

velocity. These graphs illustrate the process of self-excitation and stabilisation. It 

is seen that the amplitude of oscillation increases gradually and reaches a steady 

statc value for a stable motion and there is no further growth of the amplitude. 

The time required from launch to the steady state motion (settling time) depends 

on the value of the driving velocity. Observation of the graph shows that as the 

driving velocity increases, the settling time becomes larger. Figure 5.22 shows the 

settling time as a function of the driving velocity. 
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Figure 5.21: Bit velocity, (v=2.5m1s) 
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Figure 5.23: Velocity of the striker (v=1.5m1s). 
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Figure 5.24: Screen-shot of spectrum analyser (striker's initial displacement) 
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Low driving velocities require a few seconds for the system to reach its steady 

state motion. This is an important feature because for a bit of a given mass 

(250kg, approx. 445mm in diameter) in a hard abrasive formation, the bit will be 

rotating at 30 to 60rpm (Driscoll, 1986), providing a linear velocity of 0.69 to 

1.4m1s. A higher speed of rotation is used when drilling in soft rock formation. 

The application of vibration in soft rock drilling is less efficient therefore; soft 

formation is not a field of application for this investigation. 

Figure 5.23 illustrates the velocity of the striker, displaying a similar pattern of 

self-excitation and stabilisation process which was observed with the bit. Figure 

5.24 is a screen-shot of the frequency spectrum analyser incorporated in the 

Simulink model that shows the initiation of the striker's motion. The time history 

of striker displacement is shown at the top where it is seen how the striker begins 

its motion from rest. 

The bottom graph shows that for the first 3-4 seconds there are two frequency 

components in the striker's motion. Gradually the lower component vanishes and 

both the bit and the striker synchronise their motion to a single frequency 

l4.J=29.34rad's. It was obseryed that the lower frequency component seen for the 

striker hardl y appears in the bit signal. 

Figures 5.25 and 5.26 illustrate the velocities of the bit and the striker with the 

frequency response, which shows that the entire system vibrates at its highest 

natural frequency. l4.J=29.34rad's (4.6Hz on the graphs). 
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Figure 5.25: Frequency spectrum of bit velocity. 
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As the motions of the striker and the bit are synchronised, both bodies exhibit 

identical periodic properties. Figure 5.27 shows the period (0.214s) of the 

synchronised motion of the bit and the striker. 

Figure 5.28 shows the development of the process of self-excitation and its 

stabilisation. Figure 5.29 displays the phase portrait of bit motion with an arrow 

showing the direction of the evolution towards the limit cycle. It is seen that 

velocity goes from zero (zero initial condition - centre) and increases until it 

reaches the value of driving velocity. Once both velocities are equal, any further 

increase of bit velocity is impossible because friction force reaches its static value 

and holds the bit, causing it to enter a sticking phase. In both Figure 5.28 and 5.29 

it is seen that the system is attracted towards the outer circle where the system 

locks into a stable limit cycle. 

Equally, if launched with initial conditions, the system tends to the same limit 

cycle. Figure 5.30 shows the motion of the bit launched with an initial 

displacement XI = O.OlOm and an initial velocity XI = 3.5m Is. It is seen that the 

motion of the system rapidly converges to the limit cycle. With reference to 

Figure 5.28 and Figure 5.30 the solutions of the system for a given configuration 

always converge to a single limit cycle. 

The motion of the system is schematically represented by the picture in Figure 

5.31 and can be treated as a stable limit cycle. This is because either with initial 

conditions (from outside the limit cycle) or without initial condition (from the 

centre) the motion of the system converges to the limit cycle as shown in the 

picture with the arrows. 
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Figure 5.29: Phase plot of Bit motion 
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Figure 5.30: Bit absolute motion with time (x }(O) = 0.010, v}(O) = 3 .5m1s) 

Figure 5.31: Stable limit cycle 
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Figure 5.33 Force of friction and bit velocity in steady state periodic motion 
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The evolution of friction force is illustrated in Figure 5.32. In actual practice, the 

bit comes into contact with the surface with the speed of the drive. Therefore at 

the instant of contact (time t=0), friction force is estimated as kinetic friction by 

equation (5.11) and consequently is less than static friction. Observation from this 

picture shows that friction force increases until the value of static force is reached 

and the sign of the force changes to the opposite. Because in terms of absolute 

displacement the bit does not move backwards, the system operates only on the 

positive side of friction force characteristic. 

In Figure 5.33, friction force is shown together with velocity when the system is 

in steady state motion. It is noticed that once the static force is reached, the sign 

of the friction force changes. At this instant, a sticking phase occurs (the bit is 

considered motionless) and friction force is evaluated as the minimum force 

between static friction and the force of springs deformation. The total pulling 

force of spring deformation will then grow until it exceeds static friction force 

causing the bit to be freed with acceleration. From this instant, friction decreases 

to its critical value Fe" where the bit reaches its maximum velocity. The velocity 

is limited at this point by the effect of the cubic term in the expression of the 

friction force in equation (5.11). Consequently, friction force starts to increase 

causing a deceleration of the bit until full stop where the friction force attains its 

static value and the cycles repeats. 

It was observed that within the identified rarige of fJ and r values, for some 

configuration the system displayed two frequency components with stable 

periodic motion. Therefore, further simulations were undertaken in order to obtain 

synchronisation with a single frequency and to obtain an estimate of this 

frequency. This would allow the design of systems with a given frequency 

response and avoid multiple frequency responses. 

At this stage the simulation was carried out varying the mass of the bit, the 

frequency ratio and the driving velocity. The values for bit mass m/ and the 

driving velocity were chosen to reflect real drilling conditions. A wide range of 
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values of the system parameters were covered and more results are presented in 

appendix 5-2. 

Figures 5.34 and 5.36 illustrate the frequency response of the bit and the striker 

respectively with velocities shown on the top of the figures and the power spectral 

density at the bottom. It is seen that in steady state motion both the bit and the 

striker vibrate at 6.1 Hz for the system configuration given in Table 5.2. A single 

limit cycle is observed in Figure 5.35 which shows the phase portrait of the bit 

motion for that same configuration. 

__________________ Table 5.2 

Parameter 

Driving velocity, mls 

Mass, kg 

Stiffness, N/m 

Viscous damping, N.s/m 

Ratio 

Numerical values 

v=0.8 

mJ= 300; 

kJ=326700 

C2= 250 

0=0.3; y= 0.8 

Figure 5.37 shows how the settling time varies with the frequency ratio. The 

simulation was carried out with fixed values of bit mass mJ=250kg, wF25radls, 

c2=250N.s/m and mass ratio P=D.3. The frequency ratio r varied from 0.1 to 3. 

Observation of the results shows that an increment of the frequency ratio leads to 

an exponential growth in settling time. This relationship is shown in Figure 5.38, 

where for y=O.7 the settling time increases steeply. For y:O.9 it is impossible to 

sustain the vibration. Figure 5.39 reveals that self-excitation cannot be sustained 

for this particular system configuration and the oscillation, though periodic decays 

over the time. 
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It was noticed that settling time depends not only on the driving velocity; the 

frequency ratio r also has a substantial effect on the settling time and the ability of 

the system to sustain any oscillation. Observation showed that with an increase of 

1, the settling time increases and at any frequency ratio higher than 0.8 the 

amplitude of oscillation decays. For values of rover 0.8, the spring 6 becomes 

stiffer and restricts the bit to oscillate towards the drive. The drive I pulls the 

lever 5, and as spring 6 is stiff enough it helps to extend spring 3 at the initiation 

of the motion but the dashpot 8 does riot permit ample oscillation of both the 

striker and the bit. This behaviour is shown in Figure 5.40 for r=1.2 and v=1.5m/s, 

where the motion of the bit decays rapidly after a few oscillations. For higher 

driving velocities, any variation of the amount of damping in system does not lead 

to a stable steady state oscillatory motion. 

However, it was found that to sustain the vibration for values of rgreater than 0.8, 

it is necessary that the friction force reaches it static value in a few cycles after the 

launch. This is achievable at low driving velocities and for a small amount of 

damping in the system. Figure 5.41 shows the velocity of the bit for the following 

configuration: v=0.5m/s, C;F75N.s/m, mJ=250kg, llJF25rad1s, mass ratio fJ=O.3 

and frequency ratio r-= 1.2. 

It was observed that for values of r less than or equal to 1, the striker and the bit 

synchronise their motions but they move in counter phase as the second mode is 

excited. This is shown in figures 5.27 and 5.42 for r= 0.75 and r=1.0. For other 

values of r (r> 1.1) at the steady state synchronised motion, the striker and the 

bit move in phase as shown in Figure 5. 43 for r= 1.2 because the system switches 

back to its first mode of excitation. It is seen from this picture that the amplitude 

of both displacements are different. 

However, with the increase of the frequency ratio the amplitudes of both motions 

move towards each other until they equalise because spring 6 becomes stiffer. 

During this interval, the response of the system is unstable. 
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For r = 2, 3, .. . n, n < 8 real number, the phase portrait of the motion displays 

lobes the number of which is equal to the whole part of n. Observation of the 

results revealed that for even numbers, the lobes are spread symmetrically to the 

abscissa. This is illustrated in Figure 5.44 by the motion of the striker for [J=0.3 

FIO, v=0.5mJs, c.F75N.s/m, mj=250kg, liJF25rad/s. The small lobes close to the 

abscissa are not considered as they appear constantly in all results. For odd values 

of y, the lobes are not spread evenly and Figure 5.45 shows the phase plane of the 

motion of the striker for P=O.3 and F3.0, where three lobes are observed. The 

corresponding motion of the bit is shown in Figure 5.46. 

For frequency ratio r in the interval between 8 and 9 inclusively, the amplitude of 

motions of the bit and the striker equalise and the lobes disappear. Any value of r 
in this interval produces a positive result. This particular case is illustrated in 

Figure 5.47 with a stable limit cycle for P=O.3 and F9 where the lobes are less 

pronounced. However with the increase of the stiffuess of spring 3 the segments 

vanish and a continuous and uniform circular limit cycle is obtained. 

The dynamic response of the system varies according to the configuration. Both 

mass ratio p and frequency ratio r have a strong effect on the convergence of the 

solutions. For P=O.4, the system vibrated at both natural frequencies. This 

parameter is investigated in the next section as an important factor in vibro-impact 

motion. 
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Figure 5.4S illustrates 3D plots of the motion of the bit, seen from the side of time 

and velocity plane (a.) and in the plane formed by displacement and velocity (b.). 

The configuration of the system was as follows: m/ = 250 kg; kJ = 625000 N/m; C2 

= 75N.slm; /3= 0.4; y= 1.2. It shows two stable processes of vibration happening 

simultaneously. The initiation of both processes is seen in Figure 5.4Sa. It was 

observed during that the simulation the system started to vibrate at its lower 

frequency component (6.14Hz for this configuration). Then as the second process 

(central dark part, see Figure 5.4Sa and Figure 5.50) grew in amplitude, between 

the 6th and Sth second of simulation the frequency meter showed intermittently 

6.2Hz and 12.SHz. Between the Sth and 9th second 12.3Hz predominated and from 

the 10th second the system displayed constantly 12.7Hz with 6.2Hz appearing 

from time to time. The 6.2Hz appeared rarely because the frequency meter in the 

Simulink model was design to capture the period of the signal fed to its input; 

therefore it showed the most predominant frequency component. 

Figure 5.49 shows that the phase portrait of the striker displays the same 

behaviour as the bit. An illustration of the time history of the bit motion is given 

in Figure 5.50 with its frequency component. 
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5. DISCUSSION 

A large number of simulation results were analysed and an empirical expression 

of the frequency of synchronised motion was derived as follows: 

m= (5.17) 

Table 5.3 

m/, m2, v, P r Synchronisation frequency 
radls radls mls 0Jn/, radls 

eq.5.16 I eq.5.17 I Simulation 

25 22.5 1.5 0.3 0.9 30.8 30.0 30.7 decay 

25 20 1.5 0.3 0.8 29.1 29.0 29.0 

25 17.5 1.5 0.3 0.7 27.8 28.0 27.6 

25 15 1.5 0.3 0.6 26.8 27.3 26.7 

25 12.5 1.5 0.3 0.5 26.1 26.6 26 

25 7.5 1.5 0.3 0.3 25.3 25.6 25.2 

25 2.5 1.5 0.3 0.1 25.0 25.0 24.8 

33 26.4 0.8 0.3 0.8 38.5 38.4 38.3 

50 37.5 1.5 0.4 0.75 58.7 58.4 58.6 

66 49.5 0.8 0.4 0.75 79.6 78.5 79.6 

81 60.7 1.0 0.4 0.75 95.1 94.7 95.0 

Table 5.3 gives some comparative results of the simulation, theoretical and 

empirical estimation of the frequency of synchronisation. It is seen that the values 

obtained from equations 5.16 and 5.17 are in agreement with those from the 

simulation. 

An analysis of the results of the simulation shows that for values of the frequency 

ratio r!5:l, the bit and the striker move in counter phase and vibrate at the highest 

natural frequency. Values 1.1 and 1.2 are in the transition zone, where, depending 

on the mass ratio, both bodies may move either in phase or counter phase and 
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vibrate at both natural frequencies. For values of y~I.3 both the striker and the bit 

move in phase and the frequency of oscillation is the lower natural frequency. 

The results obtained for jJ=O.4 and r= 1.2 are valuable results because it reveals 

the limit of the performance of the structure in the frame of this application. It 

gives practical limiting values for both fJ and y. The conditions for which the 

striker and the bit move in phase or counter phase have been defined and the 

limiting values where the system exhibits bifurcating properties have been 

identified. 

Values of ]I> 1 do not present any particular interest for the development of the 

current application; however from a mathematical point of view; results covering 

the range of value of 1 < y.;;15 are given in the append ix 5-3. Observation showed 

that, for given mJ, kJ and fJ, the lower natural frequency increases with an increase 

in frequency ratio up to ]=1.2. Thereafter no increase of lower natural frequency 

was observed for values of y~ 1.2. However, higher natural frequency does 

increase but the system responds only at the lower frequency. 
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6. VIBRQ-IMPACT MOTION WITH DRY FRICTION. 

The structure in Figure 5.11 was developed to produce a vibro-impact process 

where striker 4 periodically collides with the bit. Results from the above section 

have shown that the solutions of the system converge into a limit cycle. The state 

of the limit cycle depends upon the relationship between masses and frequencies. 

Three intervals of frequency ratio have been identified where the system exhibits 

different dynamic responses. These findings will be used in this section to study 

the response of the system in vibro-impact motion. 

To impart blows periodically onto the bit, the striker must be set at a given 

clearance to the bit. Because the system is self-excited, the amplitude of 

oscillation of the striker increases until it starts to impact on the bit. The time 

required from the initiation of oscillation to full impact depends on the value of 

the clearance between the bit and the striker. 

The magnitude of the force of impact depends on the clearance, the stiffness and 

the damping properties of the colliding surfaces. The contact surfaces can be 

specially treated to secure the desired properties of the interface layer. A non

Hertzian model of contact was used assuming that in the contact zone, the 

impacting bodies have viscoelastic properties. This was modelled as a "Kelvin

Voigt" element to allow the strain and the deformation of the contact layer to 

develop through the loading and the unloading phases. Though the impact is of a 

very short duration, it is possible for such a model to calculate the force developed 

during both phases. The impact force was defined as follows, (Babitsky, 1998 and 

Soundranayagam, 2000). . j ko(x, -6)+cox, for x,;:>: 6 and :(X,,~,) > 0 

3(x"x,) = 0 for x, ;:>: 6 and :J(x"x,) < 0 

o for x, < 6 
(5.18) 

Where ko is the contact stiffness of the bits shank, Co is contact damping and 6 is 

the initial gap between bit and striker. As mentioned earlier, the clearance (gap) 
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can be positive or negative (preload) and the force of impact increases with the 

increase of the gap and the contact stiffness. Figure 5.51 shows a typical impact 

force obtained from equation (5.18) for krF 9xlO~/m, CrF O.IN.s1m, 

Soundranayagam, (2000) which were obtained using two semi-spherical bodies 

made of soft steel and tJ.=-0.005m. 

The impact on the bit steeply increases the friction force and the total pulling 

force is reduced by relaxation of spring 3. Subsequently, the force of friction 

becomes greater than the force of spring deformation. When the spring force 

exceeds the static friction force, the bit is propelled and accelerates. Lever 5 is 

pushed counter-clockwise and striker 4 imparts a blow on the bit. Consequently, 

the velocity diminishes quickly, and the bit comes to a standstill. To implement a 

cycle of motion as aforementioned, the impact must occur at a given time within 

the period of motion. This is achieved by an accurate correlation of mass and 

frequency ratio and by an adequate amount of damping between the striker and 

the drive. Figure 5.52 shows the expected working cycle of the entire structure in 

steady state vibro-impact motion. 
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Figure 5.51: Typical impact force obtained from equation (5.18) 
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Figure 5.52: Prescribed working cycle of the system in vibro-impact regime 
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6.1 Numerical Solutions ofthe System in Vihro-Impact Motion 

In the vibro-impact regime described above, the striker 4 periodically imparts 

blows on the bit. Equations (5.10), (5.11), (5.12) and (5.18) govern the motion of 

the entire system. The introduction of impact changes the nature of the response 

of the system. The settling time is considerably shortened due to the impact which 

increases the friction force. As described earlier, the increase in amplitude of 

oscillation stops when the friction force reaches its static value (occurrence of 

sticking). Figure 5.53 illustrates the time history of the velocity of the bit and 

striker respectively. For the same configuration of the system (m/=250kg, 

k/=156250 N/m, cr=250Nslm, /3=0.4, y=O.75 and v=1.5rn/s), Figure 5.53 shows 

that the settling time in this vibro-impact regime is very short in comparison with 

the results in figures 5.25 and 5.26 for the system without impact. 

In vibro-impact motion, the system resonant frequency is less than the one 

obtained without impact. The impact not only reduces the velocity but it retards 

the motion with the impact-induced additional friction force (which acts only 

during the time of collision). Consequently, a premature sticking occurs and 

steady state motion is reached earlier (after a few cycles). Figure 5.54 represents 

the period of motion in an impact regime where a steep reduction of velocity is 

seen. In vibro-impact motion the system natural frequency is 27.45 radls. 

Figure 5.55 is a 3D-phase plot of the bit motion with impact. Here we see that the 

system is quickly attracted to the limit cycle. 
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Figure 5.53: Velocities of the bit and striker in vibro-impact regime 

for p=o.4 y=O.75 and v=1.5m1s 
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Figure 5.55: Time contained phase plot of the bit motion 
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Figure 5.57: Phase portrait of striker motion 
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At low driving velocity, the system settles down very fast (after a few 

oscillations) and this is illustrated in Figure 5.56 for m]=250kg, k]=156250 N/m, 

CF250Ns/m, p=o.3, r-O.6 and v=O.5m1s. This result is important because in all 

attritious and abrasive rock formations, the drill bit is rotated very slowly to avoid 

high damage. 

The striker exhibits the same periodic behaviour as the bit because the response of 

the bit impels a similar reaction in the striker subsystem. Figure 5.53b, shows that 

the change in striker velocity is about 4m1s. With reference to Figure 5.57 which 

displays the phase portrait of the striker motion, it is observed that the striker is 

attracted towards a limit cycle where the steady state motion is reached. 

Figure 5.58 displays the synchronised motion of both the bit and the striker and 

their respective velocities. Figure 5.59 shows the absolute displacement of the bit 

undergoing a stick-slip motion. This picture unfolds the rotational displacement of 

the bit and illustrates it in a linear form. The normal displacement (penetration) is 

not included here. This motion is investigated in the next chapter. 
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Figure 5.59: Bit absolute motion 
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6.2 Effect of Frequency Ratio on the System in Vibro-Impad Motion 

The results in section 4 above have shown that for a frequency ratio r > 1.2 it is 

still possible to obtain a periodic synchronised motion of the system at a low 

driving velocity and with a relatively small amount of damping. Superimposing 

impact to the moving bit changes the dynamic behaviour of the system and the 

motion in phase starts already at FO.6. A little change is observed in the system 

resonant frequency. The system dynamic response can be sectioned into three 

intervals of values of rnamely r<0.6; re[0.6, 0.8] and r>0.8 where the system 

performs irregular multiple impacts, a single impact per cycle and intermittent 

single and double impacts respectively. 

6.2. J SYSTEM RESPONSE FOR VALUES OF r <0.6 

It was observed that for values of r <0.6 the bit and the striker vibrate in counter 

phase. In counter phase motion, the impact occurs when the velocity of the bit is 

ascendant. This is illustrated in Figure 5.60 for the configuration of the system 

given in Table 5.4. 

____ --------------Table 5.4 

Parameter 

Driving velocity, mls 

Mass, kg 

Stiffiless, N/m 

Viscous damping, N.s/m 

Ratio 

Numerical values 

v= 1.5 

m}= 250; 

k}= 156250; 

C2= 250 

8=0.3; y= 0.5 
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Figure 5.61: Bit and striker displacement with velocity for jJ=O.3 and y=O.4 
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In Figure 5.61 for /3=0.3; y= 0.4, it is seen that the impact induces a negligible 

effect on the motion of the bit. Figure 5.62 shows the phase portrait of bit motion 

with an indication of the location of impact. During this impact, the exerted 

compression results in the elastic deformation of the contact layers, consequently 

on the phase plot, the impact side can be seen as being slightly convex. In Figure 

5.63, which is the phase plot of the motion of the strike, it is observed that the 

striker does not exert a strong compression on the bit. The resulting impact force 

is shown in Figure 5.64. The value of the impact force reduces considerably with 

the decreasing of 1-

As y decreases, spring 6 becomes relatively soft and irregular oscillations are 

observed in the striker motion. This behaviour is illustrated in Figure 5.65, where 

the striker produces irregular multiple impact. The magnitude of velocity is 

important in obtaining a strong impact force. In Figure 5.66 showing the phase 

plane of striker motion for {J=0.3 and }F0.3, it is seen that the maximum change in 

the velocity of the striker is about 0.2m!s. Consequently, generated impact force is 

negligible and has almost no effect on the motion of the bit. More simulation 

results are given in appendix 5-4. In this range of values of y, the bit and the 

striker are still moving in counter phase and the frequency response is identical to 

the one of the system without impact. 
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Figure 5.66: Phase portrait of striker motion for /1=0.3 and ,0.3 
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6.2.2 SYSTEM RESPONSE FOR 0.6$ Y $0.8 

For a frequency ratio in the range of 0.6::; y::;0.8, the introduction of impact 

confmes the bit and the striker to move in phase. This behaviour is opposite to the 

response of the system without impact. After the transient process, which lasts a 

few cycles, both the striker and the bit synchronise their motion and vibrate in 

phase. Within this interval of the frequency ratio, the dynamic response of the 

system was stable, given that all relationships between parameters were observed. 

It was found that the system was less sensitive to variation of configuration 

parameters used in this investigation. The system exhibited a stable periodic 

motion with a single strong impact period. 

Figure 5.67 shows the displacement and the velocities of the bit and the striker for 

two different values of the driving speed. Table 5.5 gives the values of 

configuration of the system. 

__________________ Table 5.5 

Parameter 

Driving velocity, m1s 

Mass, kg 

Stiffness, N/m 

Viscous damping, N.s/m 

Ratio 

Numericai values 

v = 0.5; 1.5 

m[= 250 

k[= 156250 

c]= 250 

8=0.3; y= 0.6 
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It is observed from Figure 5.67 (a) and (b) that for a given system configuration, it 

is possible to control the location of the impact within a cycle by varying the 

driving velocity. However, such a control is achievable only when the velocity of 

the bit is falling because on the ascendant part of the bit velocity, the impact 

introduces irregular (asynchronous) motion of the system. The striker velocity 

increases with any increase in driving velocity. This is seen in Figure 5.67b, 

where the change of the impact velocity reaches 6m1s. Figure 5.68 shows the 

phase portrait of the bit (a) and striker motion (b). In Figure 5.68a, the three 

phases of the bit motion, namely stick, slip and impact are noticeable and are 

shown with arrows. Figure 5.69 illustrates the time history of the motion of the 

striker with the frequency response. It was observed that the variation of 

frequency ratio mainly affects the striker motion. For this particular interval of 

frequency ratio, the bit kept to a steady stable periodic process. 

With the increase of frequency ratio, the impact velocity decreases. This is 

illustrated in Figure 5.70, where the change in the velocity of the striker is 3.8m1s. 

This is because the striker at its maximum displacement stops accelerating (zero 

acceleration for 35ms in this case) or begins making additional oscillations. The 

configuration of the system is given in Table 5.6 

__________________ TabJe 5.6 

Parameter 

Driving velocity, mls 

Mass, kg 

Stiffuess, N/m 

Viscous damping, N.s/m 

Ratio 

Numerical values 

v = 1.5 

m/= 250 

k/=625000 

C2= 250 

p= 0.4: r = 0.8 

Figure 5.71 shows the phase plot of the motion of the bit and the striker 

respectively; mass ratio fJ= 0.4 and frequency ratio ,0.8. In the striker phase 

plane (Figure 5.71b), the velocity changes rapidly with an instantaneous transition 

from negative to positive values. Other results for re [0.6 0.8] showed a smooth 
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transition. For further increase of frequency ratio, the striker will perform an 

additional loop close to zero velocity. 

Figure 5.72 gives a typical synchronised motion of the system. The response of 

the bit is shown in Figure 5.72a where the displacement, the velocity and the 

acceleration are depicted over time. In this picture, all specific aspects of the bit 

motion are illustrated. It is seen that the main feature of frictional vibration 

(sticking) occurs when the bit reaches zero acceleration. The duration of the 

sticking phase (bit at zero acceleration) is shown with two dotted lines. Figure 

5.72b shows the motion of the striker together with its velocity and acceleration. 

The striker performs a periodic motion with a single impact per cycle. 
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Figure 5.73 shows a typical acceleration of the bit. It was observed that for a 

given configuration, the duration for which the bit stays at zero acceleration 

decreases with any increase in the driving velocity v. This is seen in Figure 5.73a 

where v=0.5m1s, and in Figure 5.73b where v=1.5m1s. This does not affect the bit 

response frequency as the damping effect of dry friction has little influence on the 

system frequency response. However, with the increase of driving velocity, the 

velocity of the bit increases, and consequently, the impact velocity increases. This 

is because at high driving velocities, the striker is promptly excited. As a result it 

obtains a large amplitude of velocity leading to a considerable rise in acceleration. 

In Figure 5.74, a typical impact force is illustrated together with the friction force. 

This picture shows the stepwise increase of the friction force at the instant of 

impact. In this investigation the value of the dry friction coefficient was taken as 

,tF0.4. This gives a static friction force of 981N for bit mass m]= 250kg and 

g=9.81m1s2 (gravitational acceleration). 

The magnitude of the impact force depends on the driving velocity v, the velocity 

of the striker ::C2 , the contact stiffness ko and the gap between the striker and the 

bit. It was assumed that the contact surfaces of the bit and the striker are specially 

heat-treated to provide the desired stiffness. Table 5.7 shows the configuration of 

the system for which the results in Figure 5.74 were obtained. 

__________________ Table 5.7 

Parameter 

Driving velocity, mls 

Mass, kg 

Stiffness, N/m 

Viscous damping, N.s/m 

Gap, m 

Ratio 

Numerical values 

v = 1.5 

m]= 250 

k]= 156250 

ko= 50MN/m 

C2= 250 

Co= 0.1 

LI = 0.005 

8= 0.4; r = 0.75 
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6.2.3 REMARKS 

For a frequency ratio between 0.6 and 0.8, the response of the system and its 

performance is adequate for practical applications. The values 0.6 and 0.8 are seen 

to be boundary values because the response of the system is critical and for high 

driving velocities, the dynamic behaviour of the system is quite near to the 

response of neighbouring intervals. 

6.2.4 SYSTEM RESPONSE FOR r> 0.8 

For values of y> 0.8, the system becomes very sensitive, especially the striker; 

solutions, though periodic, do not always converge. All frequency ratios between 

0.8 and 0.9 are seen as transitional values because the solutions of the system 

converge in a single limit cycle. However, the striker begins to deviate from its 

trajectory, performing additional undesired motion. For any frequency ratio 

greater than 0.9, the system becomes unstable. 

Figure 5.75 shows the phase plane of the motion of the bit (a) and the striker (b). 

Both the striker and bit display a single limit cycle. However, after impact, the 

striker performs an undesired oscillation, see Figure 5.75b. The displacement and 

the velocity profiles are illustrated in Figure 5.75c. The velocity of the striker 

drops in the middle of the cycle, initiating a period doubling. This is seen in the 

frequency profile of the striker in Figure 5.76 that shows the phase portrait of the 

bit and the striker together with the frequency response of the striker. For this 

configuration, the calculated synchronisation frequency was 4.9Hz (no impact) 

and the value obtained from simulation was 4.6Hz. However, in the frequency 

spectrum of the striker, 4.6Hz and 9.3Hz were observed with 9.3Hz being 

dominant. This effect becomes strong when the striker is either too light or too 

heavy. This aspect is covered in the next section. 
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Table 5.8 gives the numerical values of the parameters of the system for the 

results shown in figures 5.75 and 5.76. 

__________________ Table 5.8 

Parameter 

Driving velocity, mls 

Mass, kg 

Stiffuess, N/m 

Viscous damping, N.s/m 

Gap,m 

Ratio 

Numerical values 

v= 1.5 

m/= 250 

k/= 156250 

ko= 50MN/m 

C2= 250 

Cn= 0.1 

LI = 0.005 

B =0.3, 0.4; r = 0.9 

As the frequency ratio increases, the lowering of the striker increases until the 

striker begins to perform multiple impacts. This process is shown in Figure 5.77 

for fJ= 0.4. Figure 5.77b shows a stable steady state motion of the striker 

performing alternately single and double impacts per cycle. In Figure 5.77c, the 

striker executes intermittently, single impact, double impacts; single impact, triple 

impacts and so on. Due to the irregularity in the motion of the system with an 

increase of frequency ratio, impact force decreases because of reduced impact 

velocities. For y.> 1.0, the impact force is between 10 and 70kN; more results are 

given in appendix 5-6. Inconsistency of impact force per cycle reduces the 

productivity of the system. In the case of alternate single with double impacts, the 

effectiveness of the structure is lowered by half; in the case of single, double and 

triple impacts the efficiency is reduced by two thirds because the force of double 

and triple impacts is not sufficient to produce the desired work. 
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6.3 Influence of Mass Ratio on the System in Vibro-Impact Motion 

In impact motion, the mass ratio P is of great importance in obtaining a stable 

periodic vibro-impact process where the solutions converge in a single limit cycle. 

The mass ratio introduces divergence into solutions of the system if other 

parameters are not well correlated. The study in this section is divided into four 

areas depending on the response of the system to different values of P Stable and 

unstable behaviour was observed, and this includes bifurcation. In the previous 

section, the region of steady state periodic motion with stable single impact per 

cycle was found to be between 0.6 and 0.8. Within these limits, a value of r= 0.75 

was chosen and adhered to whilst exploring in this section the effect of variation 

in the mass ratio on the response of the system. 

_________________ Table S. 9 

Parameter 

Driving velocity, m1s 

Mass, kg 

Stiffness, N/m 

Viscous damping, Nslm 

Gap, m 

Ratio 

Numerical values 

v = 1.5( unless specified) 

mJ= 250 

kJ= 156250 

ko= 50MN/m 

c]= 250 (unless specified) 

Co= 0.1 

LI = 0.005 

r = 0.75; B=variable 

6.3.1 SYSTEM RESPONSE FOR pEIO.I, 0.151 

For a mass ratio in the range of 0.1 to 0.25, the striker seems to be too light and in 

between impacts, it performs additional oscillations. Depending on the 

configuration of the system, the phase plane of the striker displays additional 

oscillation before the striker reaches it maximum displacement. Figure 5.78 shows 

the phase portrait of the motion of the bit (a) and the striker (b). 
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Similar behaviour was observed previously when investigating the effect of 

frequency ratio. In Figure 5.78a, it is seen that the impact is very weak because 

the striker is light and it performs an unnecessary additional oscillation during the 

first half-cycle following impact. Consequently, the striker develops relatively 

small velocities. In Figure 5.79 the displacement and the velocity profiles are 

shown. Typical of this behaviour, the striker displays a downward motion in the 

middle of the cycle causing a reduction ofthe change in striker velocity. 

6.3.2 SYSTEM RESPONSE FOR P E{o.25, 0.61 

Studies of mass ratio between 0.25 and 0.6 confirmed the results obtained in 

previous sections with frequency ratio between 0.6 and 0.8. The system in a 

steady state motion showed a stable periodic motion with a single impact per 

period. In general for values of /3<1, any variation in the mass ratio does not affect 

system performance in terms of frequency response. However, the striker 

response is sensitive to changes in mass ratio. Therefore, only the phase plot of 

the striker is illustrated in this section. More simulation results are given in 

appendix 5-7. Figure 5.80 illustrates the phase plane of striker motion. 

Observation shows that with an increase in mass ratio, the amplitude of the striker 

oscillation increases. The stiffitess of spring 3 controls the total swing of the 

striker. The amplitude of the swing decreases with the increase of stiffitess k/ but 

the impact force increases. The system is more efficient with a small swing of the 

striker because the response frequency increases with the increase of stiffitess k/. 

Using this interval of values for /3, the system gives an optimal performance 

provided that a value of frequency ratio is chosen between 0.6 and 0.8. 
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6.3.3 SYSTEM RESPONSE FOR P ,,{0.7. 1{ 

For this range of values of /3, the solutions of the system are periodic but the 

system is sensitive. This behaviour is illustrated in Figure 5.81, showing the phase 

portrait of the bit (a) and the striker (b). It is observed in Figure 5.82b, (where the 

velocity of the bit is shown) that there is no sticking phase because the system 

develops a small velocity which does not reach zero sliding velocity. The system 

becomes sensitive to the amount of damping. Reducing the amount of damping 

results in stable periodic motion with a single impact per cycle. The total amount 

of damping in the system should be less than or equal to 25 percent of the amount 

used for fJ::,.O.6. Results obtained after such adjustment are given in appendix 5-7. 

6.3.4 SYSTEM RESPONSE FOR P z 1.0 

For ,lFl.O, solutions are periodic with a single impact per cycle but the system is 

unstable. No stabilisation occurs and the amplitude of oscillation slowly but 

continuously increases. This is illustrated in Figure 5.83 where the displacement 

and velocities profiles (a) show that the amplitude creeps up over time. In Figure 

5.83b, a slope is observed in the envelope of the signal, though both the striker 

and the bit vibrate at the synchronised frequency. 

For ,lF1.2 the system responded at various frequencies which were different from 

those obtained with equations 5.16 and 5.17. As shown in Figure 5.84, neither 

periodic nor synchronised motion was obtained. Varying driving speed and the 

amount of damping in the system did not bring system behaviour under successful 

control. This is because the striker is heavier than the bit and imparts very strong 

blows, which disrupt the motion of the bit. Although the bit is the exciter, its 

power is not enough to overcome the inertia of the driven striker. 
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Also, for the given frequency ratio (0.65, 0.8), spring 6 seems too soft to drive the 

striker. With this observation, the frequency ratio was increased to I and a stable 

steady state periodic motion was obtained with single impact per period. The 

results for fJ=1.2 and F1.0 are shown in appendix 5.7. 

6.3.5 REMARKS 

Investigation of the influence of mass ratio on the response of the system has 

shown that for {J<0.25 solutions are not stable and the system may display 

bifurcation properties. The range of values from 0.25 to 0.6 is of interest in 

engineering practice of vibro-impact systems. A stable vibro-impact process was 

obtained within this range. It was shown that for fJ>0.6, it is possible to configure 

the system so that it performs synchronised vibro-impact motion. 

7. DISCUSSION 

This study of the proposed rock drilling system has shown that the dynamic 

response varies depending on the system configuration. Mass and frequency ratio 

are the main parameters strongly affecting the dynamic behaviour of the system. 

Within the frame of values used in this investigation, driving velocity and 

damping had a moderate effect on the system response. If vibration frequency 

increases, to reduce settling time, low driving velocity and a small amount of 

damping are recommended. Bifurcation properties appeared for a mass ratio less 

than 0.25 and a frequency ratio greater than 0.9. The structure developed a stable 

vibro-impact process for pe [0.25, 0.6] and re [0.6, 0.8]. These intervals of values 

for p and r define the region of best performance of the system. Within these 

intervals are the values which appropriate for practical engineering applications. 
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The results obtained are of theoretical, practical and engineering significance. The 

theory of bifurcation in smooth dynamic systems is well established, whereas 

bifurcation of non-smooth systems is still attracting researchers. On the 

mathematical front, further discontinuous bifurcation analysis could be carried out 

(see recommendation for future work). However, within the framework of this 

project, the obtained intervals for achieving a stable vibro-impact regime brings 

into engineering practice a new concept of a mechanical device that changes the 

perception of friction in drilling technology. The system developed in this study 

effectively uses and exploits friction. This is unique because in most systems, 

especially in drilling efforts are made to reduce friction. 
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VIBRo-IMPACT PENETRATION OF A SELF-EXCITING DRILL BIT 

1. INTRODUCTION 

In chapter 5, the synchronisation parameters and the conditions of stable periodic 

motion with single impact per cycle were described. The force of impact of the 

striker on the bit is used in this chapter to estimate the rate of penetration. The 

physical properties of the rocks obtained experimentally in chapter 4 are used as 

basic values in the study of tool medium interaction. A visco-elasto-plastic model 

of the media is used and the system response is studied numerically, first as a 

forced vibration, and second as a result of a self-exciting vibro-impact process. 

2. EARLY VmRo-IMPACT PENETRATION CONCEPTS 

Early models ofvibro-impact penetration of a tool into a medium were introduced 

by Tsaplin, (1953). He assumed an instantaneous impact force; the velocities 

before and after impact were related through a restitution coefficient. Later, 

Tsaplin introduced a depth dependency factor by gradually increasing the mass of 

the driven element as it moves into the medium. Neimark, (1953) and Blekhman, 

(1954) who made the initial theoretical analysis of vibro-penetration process. The 

practical application of vibration and vibro-impact methods of penetration into 

different media became more widespread due to the works of Barkan, (1959) 

Savinov et ai, (1960) and Tseitlin et ai, (1987). 

Two models of the indenter-footing resistance were mainly used to interpret the 

primary experimental data. In the purely plastic model, (Savinov et ai, 1960 and 

Azbel et, 1981) the resistance was presented as a weightless plug held in the 

borehole by a permanent force. The advance of the plug is possible when the sum 
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of the applied forces exceeds the resistance force. Under these circumstances, the 

plug followed the movement of the indenter. 

An elasto-plastic model, known as the Prandtl model, took into consideration the 

elasticity of the medium by adding an ideal spring between the indenter and plug 

(Savinov et aI, 1960 and Azbel et, 1981). In this model, the movement of the plug 

is only possible when the elastic force of the spring exceeds the resistance of the 

medium. More complex rheological models of the medium were also used by 

Savinov, (1960) Azbel et aI, (1981), Spektor, (1981 and1983) and Neilson et aI, 

(1995). 
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3. THE PERCUSSIVE-ROTARY DRILLING 

In percussive-rotary drilling, the tool moves into the medium by an impact

scratching action and inherently removes cuttings. This allows the use of a 

simplified model of the medium to estimate the rate of penetration due to impact. 

In contrast in conventional rotary drilling, the cuttings are moved by shear action 

and this is shown in Figure 6.1a for the case of a drag bit. An approximate 

principle of percussive-rotary drilling is illustrated in Figure 6.1 b. It is seen that 

rotary drilling requires high torque to shear an intact rock formation, whereas in 

percussive-rotary drilIing, the impact generates a multitude of cracks which aids 

the rotary cutting action. Consequently, percussive-rotary drilling requires less 

torque as it cuts the pre-fractured layer of rock. The depth at which the cracks 

propagate depends on the magnitude of impact force, on the compressive strength 

and on the characteristics of the rock. Figure 6.lc shows the cutting action of 

percussive-rotary drilling. The process of cutting is made up of a succession of 

rotation-impact-rotation-impacts (see Figure 6.1 c left). Three phases are observed 

in this process. During rotation cutting (the rotation phase), a blow is imparted to 

the bit. In the contact zone, a zone of high pressure is formed. The instantaneous 

build up pressure exceeds the yield point of the rock and the zone of high pressure 

is pulverised; the tool tip dips into the rock and cracks are formed (the impact 

indentation phase). This phase is followed by a small restitution phase (see Figure 

6.1 c right). Restitution is characterised by the elastic properties of the medium 

which always exists to some extent. Within this phase, the tool moves elastically 

upwards and may bounce, leaving a crater on the surface. Rotation cutting follows 

this phase and the whole cycle is repeated. 
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Figure 6.1: Principles of cutting in Drilling 
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In conventional rotary drilling, the rate of penetration depends mainly on the 

heavy weight on the bit which must exceed the frontal resistance of the rock. In 

percussive-rotary drilling, in addition to this dependency, each imparted blow 

generates cracks which weaken the surface layer and pushes the bit to penetrate 

further into the rock. With the application of vibration, less thrust is required as 

the impact force greatly exceeds the frontal resistance of the rock. This gives a 

definite practical advantage for percussive-rotary over conventional rotary 

drilling. 

3.1 Description of the Model of Impact Penetration 

There exist several views on how a rock fails under the action of a cutter. Figure 

6.2a shows a rock fracture pa~ern caused by the indentation of a sharp tool into a 

rock formation. Straight beneath the tool where the pressure is extremely high, 

the rock is highly fractured into fine chips. The area of fine chip around the tool 

tip with is called the "crushed zone". Cracks radiate from the crushed zone and 

principal (primary) cracks are formed in line with the direction of the acting 

cutting force. Secondary cracks are generated from the crushed zone laterally to 

the main crack and flow towards the surface. In the fracture mode shown in 

Figure 6.2a the thrust is increased until the rock fails; therefore the layer 

underneath the tool tip is crushed and forms a clearly delimited crushed zone. 

Studies of impact loading of a chisel and dropping masonry drill bits on granite 

and hard limestone has shown that chip formation is instantaneous and the 

crushed zone is difficult to observe. However, in sandstone, the crushed zone 

could be seen when chip formation was absent. Impact loading probably causes a 

mixed fracture of compressive and shear failure. The imparted blow sets an 

instantaneous impulse which generates extreme compressive stress exceeding 

rock yield point at the tip of the tool. This causes a compressive failure at the 

upper layer as the tool tip initiates its intrusion into the matter, creating chips by a 

shear action. 
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Figure 6.2: Rock fracture and rheological models 
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In general, rock fragmentation is treated as a discontinuous process of chip 

formation originating from the crushed zone by initiation and propagation of 

cracks. Depending on the shape of the tool, rock fragmentation may occur as 

tensile fracture or shear breakage. Tensile failure will mostly take place in hard 

rock when a tool with a large rake angle is used. A cutter with a small rake angle 

«10°, Goktan, 1990) can also produce a shear fracture in rocks. 

In fracture mechanics, two basic chip formations are used, termed mode A and 

mode B by Deliac, (1988). In mode A, rock failure is predominantly shear and 

compressive fracture, thus chip formation can be modelled by the Coulomb 

criterion. Mode B produces tensile fracture, a specific outcome from using sharp 

tipped tools. Mode A is suitable for modelling the penetration in percussive 

rotary drilling. 

Because rocks are produced in nature under different conditions, it is difficult to 

define a universal model which adequately reflects the mechanical behaviour of 

all rocks. Consequently, there exist a number of models mathematically 

describing the behaviour of rocks, (Savinov, 1960; Azbel et ai, 1981 Rebrik, 

1979; Spektor, 1981; Neilson et ai, 1995; Palmov, 2000). 

Figure 6.2b illustrates three basic rheological models used to describe mechanical 

properties of rocks in drilling. In model "I", there is a mathematical and 

mechanical inconsistency caused by the top dashpot. A close look at this model 

suggests that at the instant when the dry friction element together with the lower 

dashpot slips downwards, the force in the upper dashpot is not determined. Thus, 

the upper dashpot works only during elastic oscillation but causes problems 

during actual penetration. Model "11" requires two yield points for the same 

medium. The identification of values for both frictional elements involves 

complex experimental work. The model illustrated in "Ill" describes the 

behaviour of soft rocks. Here, the identification of two elastic and two frictional 

elements necessitates more accurate experimental design which may be time 

consuming and costly. To avoid the aforementioned inconveniencies and to keep 
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all the main features of the medium's response, a simple classical model is used in 

this work. 

Figure 6.2c illustrates schematically a model of vibro-impact penetration into a 

medium with visco-elasto-plastic features. This model is built upon considerations 

(after Rebrik, 1979 and Spektor, 1981) of the rheological behaviour of materials 

under vibration and impact loading. The frontal resistance of the medium is 

accounted for as elasto-plastic properties with viscous dissipation during the 

vibration of the bit. With reference to Figure 6.2c, the model consists of a spring 

9, which is mounted in series with a dry friction element (Plug) 10. A viscous 

element 11 is set parallel to the elasto-plastic element. The model provides a 

stepwise downward displacement of the bit provided the overall forces exceed the 

threshold of the force D. 

The model works as follows: after a blow imparted by the striker 4 to the bit 2, the 

spring 9 and the dashpot 11 are deformed gradually due to the visco-elastic 

properties of the medium. If the overall force developed in the spring is less than 

the threshold force D, the medium produces visco-elastic resistance only. At this 

stage, the bit will oscillate about its current point of equilibrium defined by the 

position of the dry friction element. Whenever the force produced by the elastic 

element during the compression stage becomes equal or greater than the threshold 

force D, the footing resistance of the medium instantly changes its nature and 

becomes plastic. This transformation, however, does not change the instant 

position and velocity of the bit. This means that the downward movement of the 

bit and dry friction element continues further as a coupled rigid body motion 

under a permanent resistance force D and the force developed by viscous element 

until the bit's motion is held up. The downward displacement during this latter 

stage defines the rate of penetration of the drilling bit. The dry friction element 

slips only in the positive direction of X4. 

After a full compression stage, ending with a plastic slip, the bit executes a 

backward motion (restitution stage) due to the accumulated elastic energy in the 
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medium corresponding to its yield point. The restitution process is carried out 

relative to the new position of equilibrium, shifted downward by the value of the 

plastic deformation. The nature of restitution is determined by the visco-elastic 

properties of the medium. Restitution is completed when the dynamic component 

of the contact force between the bit and the medium vanishes. 

3.2 Equations of the System Motion 

The equation of motion of the bit relative to its position of equilibrium X3 = 0 

associated with the current position x, of the dry friction element is defined as 

follows: 

ro 

""x3 + C3X3 = -N + IL o(t - nT) 
n=1 

jk3(X3 - x4) ~f 0 < k3(X3 - x4) < Dj 
N= D If k3(X3-X4)~D 

o if k3(X3 - x4) < 0 

. {X3 X = 
4 0 

for k3(X3-X4)~D} 
for k3(X3 - x4) < D 

(6.1) 

(6.2) 

(6.3) 

In equations (6.1) and (6.2), m} and X3 are the mass and the normal co-ordinate of 

the drill bit when the weight of the bit is equalised by the spring response. X3 and 

X3 are the drill bit velocity and acceleration respectively. k3 is a coefficient of 

medium elastic resistance to penetration; C3 is the damping coefficient for the bit 

oscillation, X4 is the co-ordinate of the dry friction element. x, is its velocity and 

D the threshold force, at which the dry friction element slips downwards. I is the 

instantaneous impact impulse generated by the striker; li(t) is the Dirac delta 

function. T is the period at which the impacts occur; t is the time and n=l, 2, 3, '" 

It is assumed here that when the overall force of the spring exceeds D, the dry 

friction element instantly achieves the same velocity as the bit. 
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The analysis of the system is undertaken in two steps. In the first stage, the system 

in Figure 6.2c is subjected to different prescribed force excitations and its 

dynamic response is studied. In the second stage, the behaviour of the entire 

model of the self-exciting system is investigated. The latter model results from the 

interaction of the model in Figure 5.11 with the model in Figure 6.2c. 

4. STUDY OF THE RESPONSE OF THE SYSTEM 

The physical parameters of the medium were obtained by a UCS (Uniaxial 

Compressive Strength) test ofrock samples, i.e. the threshold force D, the Young 

modulus and subsequently the stiffness. The results are given in Table 4.5. 

The equations of motion of the system are solved in a similar fashion to those in 

chapter S. To obtain numerical solutions of the system, a mathematical tool was 

developed from the MatLab-Simulink package. Equation (6.1) was integrated 

continuously, whereas conditions (6.2) and (6.3) were checked at each integration 

step. 

Figure 6.3 shows the integration model in Simulink. Five sections are observed in 

Figure 6.3. Section (I) computes the solutions of equation (6.1), section (Il) 

checks the conditions (6.2) and (6.3). Within this section, the slip of dry friction 

element II is identified with the help of a variable integrating step. The 

integration step is reduced to a possible minimum close to and during impact, 

allowing an accurate detection of any dislocation of the dry friction element. This 

phase is important for the estimation of the downward displacement of the entire 

system. Once this position is determined, the equilibrium position of the system is 

moved to this point and integration continues. Section (1II) computes the average 

of the impact force applied over time. In section (IV), the amplitude of the bit 

oscillation is calculated as half of the total swing. 
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Section (V) evaluates the period of system motion (system frequency response). 

The input of this section can be connected to any part of the diagram to obtain the 

frequency response of the system. 

The system was subjected firstly to a sweep sine test, secondly to periodic impact 

loading using pulses of variable frequency. Finally, it was subjected to the impact 

force generated from the main system shown in Figure 5.11. 

4.1 Amplitude-Frequency Response with a Sweep-Sine Test 

A sine wave excitation with increasing frequency was used to study the response 

of the system under a sweep test. In order to identify the resonant frequency, the 

sweep rate was set at O.25Hz, O.SHz and 1Hz per second. The following short 

notations are introduced for this analysis: a 3 ~ X3 and 1f/3 ~ X3 - x 4 ; where a3 is 

the velocity of the bit n,lative to the medium and 1f/3 is the displacement of the bit 

with reference to the current position of the dry friction element. 

Figure 6.4 illustrates the amplitude-frequency response of the system shown in 

Figure 6.2c under a sweep-sine test. The thin line curve displays the amplitude of 

the displacement and the thick curve shows the amplitude of bit velocity as the 

frequency of excitation increases. The amplitude of the velocity of the bit and the 

corresponding amplitude of the displacement of the dry friction element are 

illustrated in Figure 6.5. It is observed that after resonance, any further increase of 

the frequency does not produce slippage of the dry friction element. This is 

because with an increase in driving frequency, the time between successive 

impulses becomes very short and the average constant force due to the impulses 

increases. This gradually compresses the bit against the medium and the 

amplitude of oscillation decays. Consequently, the force developed in spring k3 is 

very small compared to the yield of the rock, thus slippage does not occur. 
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Figure 6.6 displays the amplitude of the bit vibration velocity depending on the 

frequency for different values of the stiffness k3• Figure 6.7 shows the respective 

response of the dry friction element It is observed that the displacement of the 

dry friction element increases with the increase of stiffness k3• 

In a soft medium, the energy imparted to the bit is consumed by the relatively 

high amplitude of the bit oscillations. The major part of the energy is dissipated in 

viscous friction and internal friction. Only a small part of the energy is 

transferred to the dry friction element and this produces a small displacement. In 

hard material, the impact produces small deflections with fewer losses in internal 

and viscous friction but the overall force developed in the spring is large. This 

force, transmitted to the dry friction element, generates large displacement. 

4.1.1 REMARKS 

The obtained amplitude-frequency characteristics gtve an indication of the 

frequency range within which the applied vibration has a positive effect on the 

rate of penetration. It is seen that a high speed of penetration is reached when the 

system is in or close to resonance. Therefore, for better results the system must be 

excited near the resonant frequency. However, in practice this will be difficult to 

accomplish because the properties of rocks are unknown during the development 

of drilling project. 

4.2 Study of the System under Impact Loading. 

To study the response of the system under successive impacts, a pulse generator 

was used to simulate impact force at a given frequency. The duration of the pulses 

used were 0.002 and 0.004 seconds. 
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The mechanical properties of the rock samples were obtained from the results of 

the UCS test. A stiffuess of the rock cores was estimated to be 100MN/m, 

175MN/m and 224MN/m for the sandstone, limestone and the granite samples 

respectively. The threshold force D was also obtained as 61.9kN, 140kN and 

204kN for the respective types of rock. Consequently, the investigation was 

undertaken within a range covering these values and the following setting were 

used: k3 e [100, 500]MN/m, D e [50, 300]kN with a damping ratio ;e [0.5, 1.5]. 

These values of the damping ratio allow the observation of the underdamped, 

critically damped and overdamped motion of the system under impact excitation. 

Figure 6.8 shows the general motion of the system in a time domain where the dry 

friction element (X4) displays a stepwise displacement. 
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4.2.1 DAMPEDMoTIONOFTHESYSTEM 

The study of the underdamped motion of the system was undertaken with 

variations in the stiffuess k3, the damping ratio ~ the threshold force D, the 

amplitude and the frequency of impact force. The response of the system was 

studied under various combinations of the aforementioned parameters. The aim of 

this investigation was to estimate the response of different media to impact 

loading and the rate of penetration without considering specifics of the tool 

geometry. Table 6.1 gives the numerical values of the parameters used for the 

simulation of the damped motion. 

_________________ Table 6.1 

Parameter 

Impact frequency, Hz 

Impact force, kN 

Threshold force, kN 

Mass, kg 

Stiffuess, MN/m 

Damping ratio 

Numerical values 

40 

300 

D=ISO 

m]=2S0 

k3=100 

'" = O.S: 1.0; I.5 

Figure 6.9 shows the underdamped motion of the system. If the system is lightly 

damped, the bit tends to jump after the restitution phase as observed in this graph. 

This is not desirable because bouncing of the bit induces additional axial vibration 

into the structure. 

Similar to the study of the underdamped motion, the response of the system with 

damping ratios equal to 1.0 and I.S was investigated. The response of the system 

with critical damping is illustrated in Figure 6.10 and the overdamped motion is 

shown in Figure 6.11 for C;= I.S. The numerical values of the system parameters 

are given in Table 6.1. The results suggest that the system must be critically 

damped or overdamped in order to avoid a bouncing of the bit. 
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4.2.2 DYNAMIC EFFECT OF IMPACT LOADING 

To displace the dry friction element lOin Figure 6.2c, a static load equal or 

greater than the threshold force D must be applied. The application of a periodic 

impact force with very short duration results in an equivalent constant force P, an 

average of the impact force applied over time. The ratio of this constant 

component P by the threshold force D expresses the dynamic effect of the applied 

periodic impact force, Astashev, (2000). The smaller the ratio, the higher is the 

relief of the thrust; consequently, the required working load is equal to the value 

of P. The ratio PID is referred to as the relief of the thrust required from the 

drive. 

Figure 6.12 shows the average force P as a function of the magnitude of impact 

force and frequency. The average force P increases with the increase of frequency 

and the magnitude of the impulse. It is observed that for the range of values used 

in this investigation, the average force is very small compared to the required 

force for overcoming the threshold force D; in this case 10kN to 50 kN, whereas 

the threshold force D is between 61.9kN and 204kN. 

For a given threshold force D, the ratio PID increases with the increase of 

frequency and also the impact force magnitude has the same trend as the average 

force P. However, for fixed values of frequency and magnitude of impact force, 

PID decreases with the increase of threshold force D (as shown in Figure 6.13 for 

the force magnitude of 250kN). 
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4.1.3 RELATIONSHIP BETWEEN ROCK STIFFNESS AND RATE OF PENETRATION 

Referring to the results obtained in the sweep sine test, two types of medium were 

noticed, namely soft and hard. It was observed that in softer materials only elastic 

displacement occurs. However, the shape of the tool, the frequency of impact and 

the natural frequency of the system bit-medium are important factors to consider. 

This is because soft material will display plastic deformation depending on the 

shape of the tool and the frequency of impact. A harder rock displays more plastic 

motion with a smaller initial elastic deformation. Considering damping properties 

of rocks, it is difficult to draw a line between a very soft, soft, medium and hard 

rock from the point of view of their response to impact loading. This is because 

both soft and hard rocks will display to some extent elastic and plastic 

deformations. However, in conventional rotary drilling, depending on the ability 

of the tool to cut a formation, rocks are classified as soft, medium, hard, very hard 

and hard-brittle. 

In a soft medium, the energy imparted to the bit produces a large elastic 

deformation of the spring (see Figure 6.6) and a part is dissipated in viscous 

friction, internal friction and into heat. The resulting force transmitted to the dry 

friction element is negligible and does not lead to a displacement. This case is 

shown in Figure 6.14. The displacement (Xl) of the bit is large enough but it does 

not cause the displacement (X4) of the dry friction element regardless of the impact 

force (150 - 250kN). The configuration of the system is given in Table 6.2. 

_________________ Table 6.2 

Parameter 

Impact frequency, Hz 

Impact force, kN 

Threshold force, kN 

Mass, kg 

Stiffuess, MN/m 

Damping ratio 

Numerical values 

10 

150 

D=150 

m/=250 

kl=O.OI; 0.1 

(=0.5 
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However, as the stiffness of the medium increases, the slip of the dry friction 

element begins. Figure 6.15 displays the initiation of the slip in the dry friction 

element for k.FO.OIMN/m and the configuration is given in Table 6.2. Figure 6.16 

illustrates the displacement (X4) in very soft media. It is seen that impact loading is 

not effective in such a soft medium as there is no slippage of the dry friction 

element. 

The amplitude of oscillation in Figure 6.14 is twice as much as the amplitude of 

vibration of the system in Figure 6.15, however no slippage of the dry friction 

element occurred. A large difference between amplitudes is observed when 

comparing the results in Figure 6.11 with those in Figure 6.15 where hardly any 

displacement is noticeable. 

________________ Table6.3 

Parameter 

Impact frequency, Hz 

Impact magnitude, kN 

Threshold force, kN 

Mass, kg 

Stiffness, MN/m 

Damping ratio 

Numerical values 

10 to 40 

150;300 

D=150; 250 

m}=250 

k3=100 to 500 

c= 1.1 

The results shown in Figure 6.17 for D= l50kN, impact force of l50kN and those 

illustrated in Figure 6.18 for D=250kN and impact force of 300kN show the 

relationship between the rate of penetration and rock stiffness k3• These results 

were obtained by running the simulation model in two loops for 20 to 40 times 

with the configuration of the system as specified in Table 6.3. For each run, one 

single point was collected for a given frequency and a particular value of stiffness 

k3. The same procedure was applied to acquire the data for the relationship 

illustrated in Figure 6.19. Observation of these pictures shows that the rate of 

penetration increases with the increase in stiffness. This means that the harder the 

medium, the easier it is demolished by impact. 
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In Figure 6.19 where the rate of penetration is shown for various frequencies of 

impact, it is seen that though penetration increases with the increase in stiffness, 

in a very hard medium the slope of the penetration decreases. This shows that 

harder material offers more resistance to the demolishing process and it underlines 

the correctness of the model. However, during the simulation, a linear relationship 

between penetration and stiffness was observed in soft rocks (less than SOMN/m). 

The rate of penetration increases with the increase in impact force and frequency. 

The efficiency of the system under impact load can be expressed as the 

relationship between the rate of penetration and the overall reduction of the thrust 

required. The rate of penetration is affected by the stiffness k3, the threshold force 

D, the magnitude of impact force and its frequency. Though penetration is a 

multi variable function, optimisation procedures cannot be applied in order to 

obtain a best performance of the system. This is because rocks are a natural 

product and bear unique physical and mechanical properties unknown beforehand. 

Consequently, simulation was carried out by varying two parameters at a time and 

keeping the others constant. This allowed a study of the response of the system for 

a given combination of the parameters and made it possible to observe the rate of 

penetration in a three-dimensional representation. 

To summarise the effect of stiffness, Figure 6.20 shows two side-views of the rate 

of penetration as a function of rock stiffness k3 and the relief of the drive PID for 

impact force magnitude of 200kN and a threshold force D=lS0kN. It is seen in 

Figure 6.20a that for small values of the ratio PID i.e. at low frequency, the rate of 

penetration increases linearly with an increase in stiffness. However, a view of the 

other side of the same 3-D plot (Figure 6.20b) shows a nonlinear relationship. 

With an increase in ratio PID and in stiffness, nonlinearity becomes more 

accentuated. The illustrated surface shows that the penetration rate has a complex 

relationship with rock stiffness and the ratio PID. More simulation results are 

given in appendix 6-1. 
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4.1.4 EFFECT OF IMPACT FREQUENCY ON mE PENETRATION RA TE 

The frequency of impact has a direct influence on the average force P and the 

penetration rate. For a given impact force magnitude, penetration increases with 

the increase in frequency. However, as it was shown with the sweep sine test, the 

impact frequency must not exceed the natural frequency of the subsystem bit

spring k3 because beyond the resonant frequency, the displacement of the dry 

friction element does not occur. As the vibrational velocity <X3 is proportional to 

the frequency, the penetration is represented in this section as a function of the 

velocity <X3 and the relief of the drive PlD. It has been noticed that in a soft 

material, for different values of the vibration velocity <X3, the rate of penetration 

increases linearly when a relatively small impact force is applied to the system. 

Figure 6.21 shows a nonlinear relationship between the penetration rate and the 

ratio PlO. The magnitude of the impact force was 250kN and the stiffness k3 was 

equal to 300MN/m. The penetration increases with the increase of the vibrational 

velocity <X3 because with any increase in frequency, the average force P increases 

and the dry friction element is frequently and largely displaced. It is seen from 

this graph that in vibro-impact regime, to initiate the displacement of the dry 

friction element, only 12 percent of the static load is required. 

Figure 6.22 is a three-dimensional illustration of the rate of penetration with the 

vibrational velocity <X3 and relief of the drive PID when an impact force of 300kN 

was applied to the system with stiffness k3 equal to 500MN/m. It shows that given 

an amplitude of impact force, the penetration increments linearly with the increase 

of the velocity of vibration i.e. with the increase in frequency. Table 6.4 gives the 

parameters of system configuration. 
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The graph in Figure 6.23 is a surface, which shows the relationship between the 

penetration, the vibrational velocity and the rock threshold resistance D. It is seen 

that the penetration rate decreases considerably with the increase of the force 

threshold force D. The configuration of the system is shown in Table 6.4. 

_________________ Table6.4 

Parameter 

Impact frequency, Hz 

Impact force, kN 

Threshold force, kN 

Mass, kg 

Stiffuess, MN/m 

Damping ratio 

Numerical values 

10-40 

300 

D =50 - 250 

m/=250 

k3= 500 

(= 1.1 

4.2.5 INFLUENCE OF THE MAGNITUDE OF IMPACT FORCE ON PENETRATION 

In percussive rock drilling, the magnitude of the instantaneously imparted impulse 

is the most important parameter for the initiation and propagation of cracks into 

the formation. It is obvious that for a given type of rock, the rate of penetration 

will increase with the increase of the magnitude of the impact force. 

It was observed that the rate of penetration increases linearly when a relatively 

small impact force is applied to the system. However, as the impact force 

increases, the dependence of the rate of penetration on the ratio PID is not linear. 

This is observed in Figure 6.24, which displays the efficiency of the vibro-impact 

process as a plot of the rate of penetration (ROP) versus the ratio PlD for various 

impact force magnitudes when the threshold force D was 150kN and the stiffness 

k3 equal to 100MN/m. It is seen that for an impact force of 150kN, a straight line 

with a small slope describes the relationship. However, when the impact force is 

of 300kN, the relationship tends to curve. 
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Figure 6.25 shows the relationship between the rate of penetration (ROP), the 

Impact force and the frequency. A threshold force D=150kN and a rock stiffness 

k.F500MN/m were used for this simulation, Table 6.5 giving the configuration of 

the system. The shape of the surface is shown as a projection on a horizontal 

plane. 

Figure 6.26 illustrates the relationship between the rate of penetration, the 

frequency and the relief of the drive PID for the same system parameters as shows 

in Table 6.5. It is seen that both surfaces are similar because the average force P is 

proportional to the impulse magnitude. 

Both figures 6.25 and 6.26 show a nonlinear relationship between the force 

applied, the frequency of vibration and the resulting rate of penetration. The 

penetration increases with the increase of both the frequency and the amplitude of 

the impulse due to the impact. 

_________________ Table 6.S 

Parameter 

Impact frequency, Hz 

Impact force, kN 

Threshold force, kN 

Mass, kg 

Stiffness, MN/m 

Damping ratio 

S. 

Numerical values 

10-40 

100 - 300 

D=150 

m/=250 

k3= 100; 500 

c= 1.1 

DISCUSSION 

The results obtained show that the penetration increases with the increase of the 

impact force and the frequency. However, with an increase in stiffness, a small 

reduction in the rate of the penetration is observed towards very high stiffnesses. 

Observation of the graphs indicates that the relationship between the rate of 

penetration and the relief of the drive PID is logarithmic. 
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Analysis of the results revealed that the penetration rate could be related to the 

relief of the thrust by the following empirical expression. 

ROP = Cln(T/) (6.4) 

Where T/=PID and C is a parameter characterising the configuration of the 

system. The configuration parameter C depends on the rock stiffness k3 and the 

magnitude of the impulse. C was found to vary from 0.046 to 0.189 for k3 varying 

from 300 to 500MN/m and impact force of 200; 250 and 300kN. It was noticed 

that C is strongly affected by the impulse amplitude whereas stiffness has little 

effect on the value of C. 

Figure 6.27 compares the penetration rate from simulation with the empirical 

estimation for I=200kN; kF50MN/m. From the graphs, it is seen that equation 

(6.4) underestimates the rate at high values of T/. A thorough investigation of the 

coefficient C is needed in order to establish the relationship and the mutual effect 

of the involved parameters (k3 and 1). This will allow an exact determination of 

the value of C. However, it could be more practical to defme the value of C when 

testing the prototype. This is a matter for further research. 

6. RESPONSE OF THE SELF-OSCILLATORY SYSTEM 

The final system makes use of the main model studied in chapter five as source of 

impact force, which is applied to the model in Figure 6.2c. The frequency of 

impact interaction is defined by the stiffness of the springs 3 and 6 (see Figure 

5.11). In this section, a study of the entire system is undertaken with the system 

frequencies set at 6, 12 and 14Hz. 

Figure 6.28 shows the Simulink model of the entire vibro-impact system. The 

penetration model is illustrated as an added subsystem in the section marked VII. 
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6. Vibro-Impact Penetration of Self-Exciting Drill Bit 

Figure 6.29 is a screenshot of the simulation process of the entire system with a 

typical response. It displays the bit motion at the top and the motion of the dry 

friction element underneath, Figure 6.29a. The dry friction element exhibits a 

stepwise motion where slippage occurs only at the instant of impact. The dry 

friction element slips for the duration of the impact. Between the intervals of 

impacts it is motionless. 

Figure 6.29b displays a typical impact force, the value of which depends on the 

contact stiffness and the gap between the striker and the bit. The impact force was 

calculated with the help of Equation 5.18, described in chapter five. For a given 

configuration of the system, the magnitude of the impact force increases with the 

increase of the gap between the striker and the bit. Figure 6.30 show the 

magnitude of the impact force for fj. between 0.010 and 0.020m. 

__________________ Table 6.6 

Parameter 

System response frequency, Hz 

Mass, kg 

Stiffness, MN/m 

Stiffness, kN/m 

Damping coefficient, N.s/m 

threshold force, kN 

Damping ratio (bit-medium) 

Numerical values 

5.8; 11.6; 13.9 

mj=250 

mj=100 

ko=20 

k3=100 - 500 

kj=246.490 

kr 55.46 

eo= 10 

er 250 

D= 50 - 300 

{= 1.5 

Table 6.6 gives the numerical values of the parameters used to configure the 

system during this simulation. 

6-38 



6. Vibro-Impact Penetration of Self-Exciting Drill Bit 

X 10
5 

6~--~----------~----------~---, 

5 

4 
z 

2 

OL-~~~ ________ ~~~ ________ ~~~~ 
0.013 0.016 0.019 

gap6. m 

Figure 6.30: Impact force as a function of the gap '" 

0.014 

0.0134 

0.0131 
6.35 6.45 6.55 

time,s 

.;... 

1-- '3 
~--- %4 

6.65 6.75 

Figure 6.31: Displacement of bit-medium subsystem 

6-39 



6. Vibro-Impact Penetration of Self-Exciting Drill Bit 

0.06 

0.02 

-l!.=O.013 
- A=«1016 
~--. 6=0,019 

OL-~~ ___ ~~ ____ ~~ __ ~~~~~ 
001 0.02 0.03 0.04 

PID 

Figure 6.32: Rate of penetration for various values of /'; 

0.065 

~ 
n.: 0,065 
o 
Cl: 

0.045 

0.01 0.02 
PID 

- k3=100MNhn 
_ k,:JOOMNIm 
____ k

3
=500MNlm 

0.03 0.04 

Figure 6.33: Rate of penetration for various values of k3 

6-40 
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Similar to previous results, Figure 6.31 shows the displacement of the bit (X3) and 

the medium (X4). It is seen that at impact, the medium undergoes a plastic 

defonnation followed by a restitution phase due to elastic defonnation. 

Figure 6.32 shows the penetration rate for three settings of the clearance !!, 

between the striker and the bit, i.e. the penetration produced by the forces shown 

in Figure 6.30. It is observed that for a given medium (k3=300MN/m in this plot) 

the speed of penetration increases with the increase of the force of impact. 

Figure 6.33 represents the relationship between the rate of penetration and the 

force ratio PID for different stiffnesses of the medium. It shows that higher rates 

of penetration are produced in hard materials. This observation was made in 

previous results. For increasing stiffness of the medium, the energy of the impact 

is almost entirely converted into the work of penetration. In a hard material, a 

small deformation produces large force which exceeds the threshold force of the 

material. For a soft medium, part of the imparted energy is transfonned into 

oscillation ofthe bit. 

However, it is noticed from Figure 6.33 that only a small increment occurs 

between k3=300MN/m and krsOOMN/m. This means that though the penetration 

increases with the stiffness, harder media offer considerable resistance to 

defonnation and require a large magnitude of impact force. The effect of 

increased resistance with large values of stiffness k3 is illustrated in Table 6.7, 

which shows the displacement ofx4 for an impact force of 470kN and D=2s0kN 

_______________ Table 6.7 

1£" MN/m 

lOO 

300 

500 

0.58 

0.73 

0.77 

increment. mm 

0.15 

0.04 
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The trend of the penetration rate obtained with application of impulses was 

observed during the simulation of the entire system. Figure 6.34 compares the 

trend of the rate of penetration acquired from the simulation with the trend 

generated from the empirical equation (6.4) for C=O.44. There is a small 

discrepancy between both results. However, for estimation purposes, the 

empirical formula gives an accurate approximation of the penetration rate. 

Phase portraits of the motion of the bit and the striker during the penetration 

process are illustrated in Figure 6.35 and Figure 6.36 respectively. These two 

plots show that the main structure studied in chapter five has kept its self

sustained periodic performance regardless of the process of penetration. 

In the study of the main model in chapter five, it was assumed that the interaction 

with the medium does not influence the response of the system, i.e. the rotational 

motion of the bit is not affected by the superimposed impact. The results shown in 

Figure 6.35 and 6.36 are in agreement with the aforementioned assumption. The 

penetration process and the periodic impacts are to some extent perturbations 

introduced into the system. However, this does not affect the stability of the limit 

cycle. The motion of the bit is always positive and this means that the bit is kept 

constantly in contact with the medium and separation does not occur. 

Figure 6.37 displays typical velocities and frequency spectra of the signal of both 

bit and striker after fast Fourier transformation. For an identical configuration of 

the system, no change was recorded in the frequency response when compared to 

the investigation in the previous chapter. 

6-43 



6. Vibro-lmpact Penetration of Self-Exciting Drill Bit 

1.5 

11 
.~ 
0 0 ~ 
> 

~ 
jji 

·1.5 

·0.08 -0.04 ·0.005 0 
sOiker displacement. m 

Figure 6.36: Phase portrait of striker motion 

5 10 
time,s time,s 

200,--------, 

50 
150 

40 

100 30 

20 

~ 10 

0 10 20 30 40 50 

50 

00 10 20 30 40 50 
bit frequency spectrum, Hz striker frequency spectrum, Hz 

Figure 6.37: Bit and striker velocities and frequency spectra 

6-44 



6. Vibro-Impact Penetration of Self-Exciting Drill Bit 

7. DISCUSSION 

It is assumed that impact loading does not affect the rotational motion of the bit. 

The entire structure is a self-excited system which comes to a stable and steady 

motion. The introduction of impact causing a braking effect on the bit rotational 

motion and the sudden downward dislocation of the equilibrium position are 

regarded as strong perturbations of system stability. However, the limit cycles of 

bit and striker motion show no change compared to the results in chapter five, 

thus revealing its robustness. This means that the system has kept its stability 

regardless of normal displacement. The results obtained show that the mechanism 

studied has a stable regime of operation for realistic parameters. 

The results of this study show that it is possible to obtain considerable reduction 

in the thrust required. The relief of the thrust is expressed by the force ratio PID. 

The smaller is this ratio, the higher is the effect of the superimposed vibro-impact 

process. The impact load produces not only fast penetration but it also weakens 

the upper layer of the medium straight underneath the tool due to propagation of 

cracks. The depth of the propagation of cracks depends on the magnitude of the 

impact force, the shape of the tool and the type of rock. Impact significantly eases 

the rotary ploughing process because cutting occurs in the pre-fractured layer of 

the medium. 

It is observed that the added vibration greatly reduces the required thrust. An 

average force of about 10 percent of the threshold force is sufficient to dislocate 

the dry friction element. Knowing the average force of the vibro-impact process 

and the threshold force, the rate of penetration can be estimated by the empirical 

equation (6.4). This formula estimates the penetration due to superimposed 

vibration and does not take into account the penetration generated by rotary 

cutting. In general, the penetration caused by rotary action is slow compared to 

impact cutting. However, to account for rotary cutting, a constant could be added 

to equation (6.28) to reflect the penetration rate of rotary action. 
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7. Conclusion 

Conclusion 

The system developed in this work effectively uses the existing friction arising 

from the drilling process. The novelty of the model studied is that the frictional 

energy, which stays redundant in most mechanical structures, is here converted 

into useful work. In drilling practice, every effort is made to minimise the 

persisting friction and avoid frictional vibration. 

The coupling of two strongly nonlinear and non-smooth processes (friction and 

impact) into one single mechanism and the idea of using the system friction as a 

source of energy defines the originality of this investigation. To the knowledge of 

the author, structures with two-degrees-of-freedom incorporating simultaneously 

dry friction and impact (which is excited by frictional instability and its direct 

engineering application) have never been explored before. 

The innovation introduced here into drilling engineering has a seminal feature, the 

system self-adjustment capability. This means that the mechanism, depending on 

the hardness of the rock, can regulate the impact action. The stiffness of spring 3 

is set to match a given rock hardness. Consequently, in soft rocks, the cutting 

proceeds in conventional rotary drilling because the rock matter is not hard 

enough to cause considerable deformation of spring 3. However, whenever the 

target compressive strength is reached, the stick-slip process begins and the 

impact action is superimposed. This simple mechanical system has a great 

advantage over gauging and controlling stick-slip vibration, which requires 

complex and expensive techniques. These techniques, including telemetry, are 

often not reliable because of the harshness of the conditions in which the sensors 

and the transmitting units are submerged. 
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7. Conclusion 

There may be two ways of achieving the excitation close to resonant frequency: 

1. The self-excited mechanism studied in chapter 5 could be designed with its 

frequency response such that a given type of rock could excite the bit close to 

the desirable frequency. After geo-seismic exploration of the fonnation to be 

drilled, a set of springs (3 and 6) with different stiffnesses matching major 

rocks may be used to adjust the system response near to the resonant 

frequency of the hardest rock of the formation. 

2. The system may be excited externally with the frequency of excitation 

adjusted manually to obtain a best performance. An autoresonant approach 

could also be used. However, in this case, the system must be fitted with an 

intelligent device able to estimate the stiffness and the response frequency of 

the rock being drilled. The method suggested by Babitsky et aI, (1998) for the 

identification of the mechanical properties of a body by a single impact is one 

possible way to develop such an intelligent device. Nevertheless, it is worth 

mentioning that this approach is adequate only for soft materials. With hard 

materials such as steel and hard rocks, care should be taken to avoid the 

"ringing" of the impacting body. However, because hard rocks are very stiff, 

the natural frequency of the bit over the rock formation may be too high for a 

mechanical device to respond to such a frequency. Consequently, an 

autoresonant approach may applicable for relatively soft rock. 

The results obtained show that the structure investigated in this work has a stable 

regime of operation over a range of realistic parameters. The mathematical tools 

developed allow optimal parameters of the system to be defined. It was shown 

that the desired performance of the system is obtained for ye[0.7, 0.8] and f3 

e[0.2S, 0.4]. In this range of frequency ratio and mass ratio, the system had a 

steady state synchronised motion with a single impact per cycle. This allows the 

design parameters of new vibro-impact drilling systems to be obtained. An 

empirical formula was derived to give an estimation for the response frequency of 

the system. 
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7. Conclusion 

This mechanical device decouples the drill string from the bit, and thus effectively 

protects the drill string from vibration. A proper organisation of the decoupling 

mechanism would not transmit any axial oscillation to the string. The use of a 

single source of energy for driving and for excitation of the striker during the 

sticking of drill bit relieves the main drive from dynamic loading and permits 

effective application of vibration protection of the drill string. 

The rate of penetration increased with the increasing frequency and magnitude of 

the impact force. It was shown that the vibro-impact process performs better in a 

very hard medium and this was supported by the experimental results when 

drilling in some samples of very hard limestone. The study of the vibro-impact 

penetration showed that considerable reduction of the required thrust can be 

obtained by superimposing the vibration onto rotary drilling. The results show 

that the applied load can be decreased to 10-20 percent of the conventionally 

required thrust. Such a relief of the thrust potentially extends the life of the drill 

string and the time between maintenance. 

Drilling is a very costly process and the challenges of inaccessible sites are such 

that reduced drilling time is required to bring down the cost. The theoretical 

foundations developed here can supply design criteria for new vibro-impact 

drilling systems to accommodate the presented structure. A successful 

implementation of this mechanism will provide the drilling industry with an 

advanced technique which will protect the drill string from hazardous vibration, 

adjust itself to the drilling conditions, and increase the performance of drilling 

systems. 
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Recommendation for Future Work 

In drilling, friction consumes the major part of the energy supplied to the system. 

Consequently, many aspects are still to be investigated for a specific 

understanding of the drilling process. The system introduced in this study 

ventures into an area known to engineering but not very well explored. 

For further study of the system, the following plan of work is suggested. 

1. Add a third degree-of-freedom to the system in order to confirm the 

assumptions admitted during the current study. 

2. Undertake a full factorial (Taguchi methods) experiment with interaction 

of factors. This will allow the identification of the mutual effects of the 

parameters. 

3. Experimental estimation of the configuration characteristics C in equation 

(6.4). 

4. Investigate the effect of rock stiffness and impact magnitude on the 

characteristics C. 

5. Explore the very high contact stiffness between the striker and the bit to 

maximise the magnitude of the impact force, and study the response of the 

system under such conditions. 

6. A bifurcation analysis could contribute to the generic understanding of the 

behaviour of the system as a self-exciting mechanism. 

7. Build a knowledge-based computational system able to provide engineers 

with a set of data on the desired design parameters because similar data are 

not yet available. 

8. The prototype should be designed to respond at 3 to 10Hz to allow a detail 

study of the system behaviour. 
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Appendices 



Appendix 1: Published papers and views of experts 

During the course of this investigation, two papers were published and a research 

proposal was developed and submitted to EPSRC for a grant to support further work 

toward the development of a prototype device. Bellow is the extract from the referees' 

comments on the project. 

Published papers: 

I. Batako A D; Babitsky V I; Halliwell N A, 2003, A self-excited system for 

percussive-rotary drilling; Journal of sound and vibration, 259(1), pp 97-118 

2. Batako A D; Babitsky V I; Halliwell N A, Modelling of vibro-impact 

penetration of a self-excited drill bit; Journal of sound and vibration, in press 

Proposal reference GRlR91335/0 1 - Views of EPSRC referees 

Referee G7ZYHC: 

Expertise area: Research in drilling technology and drilling measurement 

diagnostics in the oil and gas industry. 

" ... While both stick-slip bit vibration and percussive drilling are well known, 

the concept of using the stick-slip constructively to drive percussion is new. 

Indeed, I am not aware of other research on positively exploiting of the self

generated stick-slip oscillations" 

Referee 41Z3X2, 

Expertise area: Mechanical design,; Vibratory technology and vibration control. 

" The proposed drilling technology is original, as far as the reviewer knows. It 

can definitely be a subject of a patent application. I believe that the proposed 

project may become an interesting application of vibro-impact systems for an 

important technological area." 

Referee Q615El, 

Expertise area: Petroleum engineering for 27 years. 

" ... If the outcomes were positive it would add a very significant dimension not 

just in the understanding of drilling rocks but also in adding the potential of new 

technology and potential cost savings in what is a very significant cost element 

in oil and gas field exploration and development." 



Appendix 2: Actual view of the drilling rig 

os - Drilling structure 
FT - Fluid tank 
LC - Loading conveyor 
RS - Rock samples 
PC - Data logging PC 

MTM - Material testing machine 
HCU - Hydraulic control unit 
FG - Function generator 
Sc - Two-channel oscilloscope 
TC - Thyristor controller (motor speed) 



Appendix 3: Sample programmes in MatLab code. 

%cyclic running of Rop3ffectiv.mdl 
% to estimate the relieve of the main drive. 
% the amplitude of Impact and the frequency change for each simulation 
% the Threshold force is fixed 
clear all; 

tt= cputime; 
tic; 
mu = 0.4; 
g=9.81; 
Vcr = 3; 
ml = 250; 
mas_rat =.4; 
c2 = 250; 

%sim_start, start time 

% changing variables, for getting different working regimes. 
FI=250e3; % Treshold force, N 
fre= 2; % frequecy in Hz 
A=250e3; % impact force amplutide 2e6 by default; 
K3=30e7 % rock stiffness; 
% for a coef. of restitution R=0.1-0.3, 
% the loss factor zeta= 0.5-0.91 
C3=20e4; % default rock damping 
zeta= 0.9; 
C3= zeta*2*sqrt(ml *K3); 

slip=[]; 
PD=[]; 
Fav=[]; 
Rop=[]; 
Gama=[]; 
Neta=[]; 
Zeta=[]; 
a3=[]; 
A3=[]; %Full swing ofX3 

D=FI; % FI= D, force required to overcome the threshold force D. 
n=O; % counter 
n=O;s=O; sI =0; % counter 

A3-1 

temp_name='datt';% Temporary file name where data are save and then copied 
data_name ='data_out'; %Variable containing all data 
fname='Ampl_freq_'; % file to be saved after running the simulation 20 times 
Fre_stop=40; 



for fre= 10: 1O:Fre_stop 
sl=sl+1 
s=fre; 

omega=fre*2*pi; 
fout=strcat(fname,num2str(s), '.txt'); 

for A=150e3:25e3:300e3 % impulse magnitude, N 
n=n+l; 
sim(Rop I_Effectiv'); 
% locate the beginning of the slop 

for j = 45:1: 110 
if «x4(j+ 1)==x4(j))& (x4(j+2»x4(j+ I))) 

slop_start=x4(j+ I); 
b=j+ I; % X4 index where the slop of he slip starts. 
break 

end 
end 

% locate the end of the slop 
for k = b:1 :b+15 

if «x4(k+ 1»x4(j))& (x4(k+2)==x4(k+ I))) 
sloP3nd=x4(k+ I); 
%bk=k+ I % debugging purpose only 
break 

end 
end 
slipO=slop_end-slop_start; 
periode= lIomega; 
x4_rate=slipO/periode; 
a3n= mean( amp_x3 _x4(length( amp_x3_x4 )-200:length( amp_x3 _x4))); 
FuLa3=a3n*2; %full swing of X3 
a3(n)=a3n; 
A3(n)= Ful_a3; 
slip(n)=slipO; 
Fav(n)=mean(force(length(force)-200:length(force))); 
PD(n)=round«Fav(n)/D)* 1000)11000; %Fav(n)lD; 
Rop(n)=x4_rate; % ROP= rate of penetration or speed of penetration. 
Neta(n)=slip(n)/a3n ; 
end 
if (sl<=l) 

Z_Rop=Rop; 
Z_PD=PD; 
Z_Fav=Fav; 
Z_Neta=Neta; 
Z_A3=A3; 
Z_slip=slip; 

else 



Z_Rop=[Z_Rop; Rop]; 
Z_PD=[Z]D; PD]; 
Z_Fav=[Z_Fav; Fav]; 
Z_Neta=[Z_Neta; Neta]; 
Z_A3 =[Z_A3; A3]; 
Z_slip=[Z_slip; slip]; 

end 
% reset values to zero 
if (fre< Fre_stop) 

end 

slip=[]; 
PD=[]; 
Fav=[]; 
Rop=[]; 
Neta=[]; 
a3=[]; 
A3=[]; 
n=O; 

end 
Fin='DONE' 
toe; 
duration = (cputime-tt)/60 %computing time in minutes 



%fftt.m 
%computes the FFf of the system response signal 
%sampling time 

p=9; L=2I\p; %FFf buffer length 
xdHl=[); 
Ix= length(x 1 dot); 
xldO=xldot(lx-512:lx); %number ofFFf point 
y=fft(x I dO,L); 
yy=y. *conj(y)lL; 
f= I OOO*(O:U2-1 )IL; 

figure(l ); 

subplot(2,!, \); plot(t, x Idot, '-k'); 
xlabel (,time, s') 
ylabel ('bit relative velocity, mls') 

subplot(2,! ,2); 
plot(f,yy(l :U2), '-k'); 
%bar(f,yy(l :U2)); 
xlabel ('frequency, Hz') 
%set(gca,'XLim',[O 20j,'YLim',[auto]); 

figure(2) 

Ix!= length(x!); 
plot(x I (Ix 1- IOOO:lx I), x Idot(lx 1- IOOO:lx I), '-k'); 
xlabel ('bit displacement, m') 
ylabel ('bit velocity, mls') 

figure(3) 

plot(x I (Ix 1-2000:lx \), x Idotabs(lx 1-2000:lx I), '-k'); 
xlabel ('bit displacement, m') 
ylabel ('bit absolute velocity, mls') 

figure(4) 

%plot3(t(lx !-4000:lx I), x I (Ix !-4000:lx I), x I dotabs(lx 1-4000:lx I), '-k'); 
plot3(t, x I, x I dotabs, '-k'); 
xlabel (,time, s') 
ylabel ('bit displacement, m') 
zlabel ('bit velocity, mls') 

A3-2 



%****************** 
% striker section 
%****************** 

Ix2= length(x2dot); 
x2dO=[]; 
x2dO=x2dot(lx2-S12:lx2); 
y l=fft(x2dO,L); 
yyl=yl. *conj(yl )IL; 
fJ = 1000*(0:U2-1 )IL; 

figure(S); 

subplot(2, I, I); plot(t, x2dot, '-k'); 
xlabel ('time, s') 
ylabel (,striker velocity, mls') 

subplot(2, I ,2); 
%bar(f,yy(1:U2),0.05); % '-k'); 
plot(f,yy(1 :U2), '-k'); 
xlabel (,frequency, Hz') 

figure(6) 

Ix3= length(x2); 
plot(x2(lx3-500:lx3), x2dot(lx3-500:lx3), '-k'); 
xlabel ('striker displacement, m') 
ylabel ('striker velocity, mls') 

figure(7) 

subplot(2, I , I) 
plot(t, xl, t, x2, '-k', 'LineWidth',1) 
set(gca,'XLim',[S.11 S.91], 'YLim', [-0.15 0.06]) 
xlabel (,time, s') 
ylabel (,displacement, m') 
legend(,bit', 'striker'); 

subplot(2, I ,2); 
plot(t, xldot, t, x2dot, '-k', 'LineWidth',1) 
set(gca,'XLim',[S.11 S.91],'YLim',[-3 3]) 
xlabel (,time, s') 
ylabel (,velocity, mls') 

figure (S) 



%============== 4 subplots in one frame 
%bit 
subplot(2,2, I); plot(t, x Idot, '-k'); 
xlabel (,time, s') 
ylabel ('bit relative velocity, m1s') 
%title ('v = I m1s') 

subplot(2,2,3); 
plot(f,yy( I :U2), '-k'); 
%bar(f,yy( I :U2), 0.05); 
xlabel ('bit frequency, Hz') 
ylabel ('PSD'); 

%================ 
%striker 
subplot(2,2,2); plot(t, x2dot, '-k'); 
xlabel (,time, s') 
ylabel ('striker velocity, m1s') 

subplot(2,2,4 ); 
%bar(fl, yyl(1:U2),0.05) 
plot(fl, yyl (1 :U2),'-k'); 
xlabel ('striker frequency, Hz') 
ylabel ('PSD') 
% set(gca,'XLim',[O 25],'YLim',[-0.02 0.02]) 



Appendix 4- 1: Electrical circuit of the opto-switch for monitoring the rotation speed 
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Appendix 4- 2: Results of rock samples test. 

Department of Civil and Building Engineering 
Loughborough University 

Rock Sample Testing for Andre Batako 

A core sample 54mm diameter was taken from each of the test blocks and prepared 
for Unconfined (uniaxial) Compressive Strength (UCS) testing. The density of each 
of the samples was also measured. 

Sample Descriptions 

Sandstone pale brown, medium grained, moderately cemented sandstone. 

Limestone buff to pale brown, medium to coarse grained oolitic limestone. 

Granite white and grey coarse grained granite. 

Density 

Sample Density (Kg/m") 
sandstone 2382 
limestone 2480 
granite 2687 

UCS 

These tests were carried out on a Denison Block Testing System and the machine 
print outs are enclosed. A loading rate of 0.17 KN/second was used. 

Sample Length Diameter Max load at UCS 
(mm) (mm) failure (KN) (MPa) 

sandstone 108 54 61.9 84.91 
limestone 108 54 140.3 192.46 
granite 108 54 204.5 280.52 

The UCS values for the limestone and especially the granite seem rather high but 
your sample blocks are very good fresh dry rock samples. Several more tests on 
each rock type would be needed to confirm these values, but they are a guide. 

Tests were carried out on 7th and 8th July 1999. 

R.J.Elson 
09107199 



Appendix 4- 3: Uniaxial Unconfined Compressive Strength test; computer results. 
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Appendix 4- 4: Rate of penetration with variable speed of rotation 
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Appendix 4- 5 Rate of penetration in vibration drilling 
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Vibration at 15Hz 
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Appendix 5- 1: Simulink model of the main system 
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Appendix 5- 2: Results of further simulation for /3=0.3; ye [1.2 12] 
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Appendix 5- 3: Results of further simulation for /3=0.4; re [12 IS] 
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Vihro-Impact Motion 

Appendix 5- 4: System response for values of r<0.6 

·1 

E 

! ·0.06 

~ 
~ 
" 

·0.12 

·004 

9.75 9.8 

#-0..4; T-4$ 

·002 
bit displacement, m 

1-0.4; r-D.S 

9.85 
time,s 

9.9 9.95 

Striker and bit displacement /3=0.4; y=O.5 



1-0.4; ,-0..5 

" 

4 

o 
2 

002 

10 -0.04 

time,s 12 -0.06 bit displacement, m 

Time contained phase portrait of bit motion /3=0.4; ]'=0.5 



Appendix 5- 5: System response for values of 0.6 ~ J6 0.8 
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Appendix 5- 6: System response for values of y> 0.8 
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Parameter 

Driving velocity, m1s 

Mass, kg 

Stiffness, N/m 

Viscous damping, Ns/m 
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Appendix 5- 7: Effect of Mass ratio on system response. 
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Appendix 6- 1: Effect of the stiffness of the medium on penetration rate 
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Appendix 6-1: Effect of the stiffuess of the mediwn on penetration rate 
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Appeodil: 6- 2: Influence of frequency of impact on penetration rate 
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Appendix 6- 3: Effect of impulse magnitude on penetration rate 
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