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Abstract 

During underground, long-hole drilling operations, the bending of the drill string and 

vibrations in the system exert significant effects on hole deviation and penetration 

ratcs. Little prior research has been conducted in the area of the bending and 

vibmt.ions associated with ITH (In - The - Hole) drills. This thesis deals mainly 

with the modelling of the static and dynamic properties of the ITH drill system 

while drilling under such conditions. 

The bending of the drill string is the result of the string becoming unstable 

whcn its length or applied feed force exceeds a particular limitation. Undcr sueh 

conditions, lateral forces are created by the effect of the bendiu!!:, thus generating the 

hole deviation. The criticallength and {eed force of the ITH drill string before being 

unstabilized and its characteristics after unstabilization are studied. The vibrations, 

primarily the vertical vibration of the ITH drill string, are discussed with reference 

to both theoretical and case studies. By analyzing the static and dynamic properties 

of the drIll string, a continuous system mathematical model of the drill string has 

Lecn dcvcloped. Two different boundary conditions have been discussed and applied 

through computer simulations. 

Measnrements of downhole parameters and vibrations while drilling were acquired 

by a high-rate telemetry and data acquisition system from field tests of a CMS CD-

90B long-hole ITH drill and prototype shock absorber in an underground nickel 

mine. The vibration data was analyzed using spectral analysis mcthods and system 

identification techniques. Determining the inter-relationships bet,ween the drilling 
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parameters, for example, feed force, torque, air pressure and pcnetration rat.e, and 

the vibrations in an ITH drilling system is also a principal objective of the tlH'sis. 

The performance of a prototype shock absorber developed by a third party com­

pany was also evaluated through an analysis of the vibration modes present during 

the ITH drilling process to examine the specifications of a suitable shock absorber 

design. The results of the simulations and analyscs of the vibration data indicatc 

that a prototype shock absorber effectively reduces the amplitude of the vibrations, 

especially the vertical vibrations of the drill string. A mathcmôtical model usillg 

a complex boundary condition hM been developed which will be of use in furthcr 

research relating ta the development of a vibration-bascd control systeJ1l for ITI! 

drills. These results will not only be of use for dcveloping a shock absorber for thc 

CD-90B drill, but more importantly be applicable tn future research work on devcl­

oping advanced control for these drills. By decrcasing the vibration levcls acting 011 

the drill head and rod, the instrumentation for an automated drill can be pl'Otect.ed 

to ensure maximum life and proper performance during hammer operatioll . 

111 



1 • 

• 

Resumé 

Dans les mines souterraines à base de métal, le forage des trous de production, en 

fonction des contraintes de l'emplacement et de la trajectoire, est essentiel pour 

réussir l'exploitation du minerai. Le résultat de cette phase d'extraction affectera de 

façon significative toutes les opération en aval, du chargement au transport, jusqu'au 

broyage et au bocardage. 

À cause de la nature même des foreuses utilisées, du type de minerai à extraire et 

de ia configuration de la mine, la trajectoire des trous peut dévier de façon importante 

par rapport à celle projetée au départ. Ces déviations peuvent entrainer une dilution 

substantielle du minerai et une perte de productivité, d'où l'augmentation possib1e 

des coûts d'opération. 

Les déviations ITH (dans-le-trou) des foreuses percussives, sont généralement 

causées par une courbure du foret qui plie sous l'effet des forces latérales présentes 

au niveau du foret ou le long de l'acier à foret. Dans cet exposé, on analyse les 

vibrations responsables de ces forces latérales. Cette analyse est fondée sur des études 

théoriques et pratiques réalisées sur le terrain. Pour ces dernières) le rendement des 

variables et des vibrations a été évalué à partir de l'observation d'une foreuse CMS 

CD-90B ITH dans une mine souterraine de nickel. Durant ces tests sur le terrain, 

on a également évalué le rendement d'un amortisseur de chocs commercial et son 

impact sur Patténuation ou la transmission des vibrations générées par la foreuse. 

En analysant les propriété& dynamiques et statiques du foret, on a élaboré un 

modèle mathématique de système continu capable de décrire son fonctionnement 
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dans un mili{~u bien déterminé. Grâce aux résultats de ces études, il sera possible de 

concevoir de meilleurs amortisseurs de chocs et de développer une logique avancée 

permettant aux foreuses ITH de minimiser les déviations de trous et de maximiser 

la productivité. 
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NotatioIJL 

• Al: cross section area of hammer casing 

• A2: cross section area of drill string 

• c: speed of propagation of longitudinal wavcs in material 

• Cl: damping factor 

• C2: damping factor 

• • Dl: constant, complex number 

• D2: constant, complex number 

• dl: constant, complex number 

• d2 : constant, complex number 

• Din: diameter of inside of drill string 

• Dout: diameter of outside of drill string 

• Dh: diameter of hole 

• Dp : diameter of piston 

• E: modulus of elasticity 

• • hl: constant, complex number 
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• • h2 : constant, complcx number 

• i: imaginary numbcr 

• k: spring constant 

• L: distance from bit to surface 

• LI: length of hammer casing 

• L2 : distance from bit tü the bot tom end of drill string 

• Lp : length of piston 

• m: mctcr 

• n: inteÉ,cr number 

• q: functioll of spatial coordinate x • • t: time 

• x: distance frorn bit to any point of drill string 

• z: longitudinal displacernent 

• Zo: amplitude of bit displacement 

• w: circular frcquency 

• p: rnass per unit length of drill string 
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Chaptcr 1. Introduction 

Chapter 1 

Introduction 

1.1 Overview of Drilling Mechanics 

and Equipment 

1 

Production drills are used to create holes in rock materials in open-pit or underground 

mines in order to facilitate the remova.l and exploitation of ore mineraIs. The drilled 

holes are then loaded with explosives and detonated according to a particular design, 

which depends upon the predefined method and sequence of ore extraction, the intact 

strength of the rock and the desired size of the broken material. For different types 

of rock, hole diameter and length and mining method, a particular drilling method 

will be used to maximize production and minimize costs. 

Traditionally, drilling has been performed by two different methods: 1) percussive 

and 2) rotary drilling where the former cau he sl1hdivided into top-hammer and ITH 

(in-the-hole) methods. There are four main cornponents involved in these drilling 

methods: feed, rotation, percussion and flushing. The percussive drilling methods -

top hammer and ITH drilling - utilize all these components, whereas rotary drilling 

lacks the percussion, but depends primarily on high feed force and rotation torque for 

breaking rock. The basic drilling concept for percussive drilling and rotary drilling 

has been illustrated in Fig. 1.1 (a) and (h). 
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Chapter l, Introduction 

PERCUSSION 
POWER 

FEEDFORCE , 

2 

~;;;œ.,) ROTATION 

C~.r .. " ..... 

ROTATION 

Ca) (b) 

Figure 1.1: Basic Drilling Concepts for (a) Percussive Drill (b) Rotary Drill 

H,... ... -

,., '''' 

1 - rOlalion head 
2-rccd 
3 - pipc chanlcr 
4 - pipc clamp 
S-pipcs 
6 - DTH hammcr 
1-bil 

Ptincipla of 10101/"11.' Il) 10p "tlld driw. bJ Ktlly 1Nl, drivt 

(a) (b) 

Figure 1.2: Types of drills (a) Rotary Drill (h) ITH Drill 
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Chapter 1. Introduction 3 
. 

ln most major open pit mining operations, blasthole diameters larger than 251 

mm and up to 50 m in depth are generally drilled with rotary drills and tricone rock 

bits[45]. This type of drilling is usually the most practical and economical for hole 

sizes, hole depths, rock properties and mining methods used in such operations. The 

drills used are primarily diesel or electrically powered to drive electric rotary and/or 

hydraulic feed motors as shown in Fig. 1.2 (a). In underground mines, greater than 

95 percent of aIl production drilling is accompli shed using percussive type drills, i.e. 

either top hammer or ITH drills. Figure 1.2 (b) shows a typical crawler mounted 

ITH drill. Typical drill bits, an ITH drill button bit and a tricone rock bit, used on 

percussive and rotary drills, are shawn respectively in Figure 1.3 (a) and (b). Drill 

bits are designed according to the different requirements for rock breaking according 

to rock strength and variability and type of drill. 

Typicol DTH bi, d~sigflS. 

.~ 

ROI4ry drill bù compon~n4 

(a) (b' 

Figure 1.3: Typical Drill Bits (a) ITH (DTH) Drill Bit (b) Rotation Drill Bit (Tricone 
Bit) 



, 

, 

1 

Chapter 1. Introduction .. 
In ITH drilling, the,hammer, which provides the percussi\'e encrgy to break rock 

Iollows directIy behind the bit rather than remaining mounted on a fecd arm out 

of the: hole as for top hammer drills. The length of the drill string and thus the 

hole, are increased through the addition of sections of drill rod which are connected 

via tbreaded ends. This feature result,s in ITH drills being able to drill longer and 

straighter hoIes than top hammer dri.lls due to a more efficient, consistent energy 

tram:missloD to the bit and lighter drill rod. A Continuous Mining System CD90B 

drill, shown in figure 1.4, was similar to the one used in the underground field tests, 

and is a t;ypical ITH percussive drill. 

CD-90 

----~!----:~~~MD--.--~'---~-A~~ 
.... - ---C365I ~ 

(a) (b) 

Figure 1.4: Diagram of CD90 ITH drill 

As shown in figure 1.4, the CD90B ITH blasthole drill is composed of a mast, 

an indElpendent mast support column, a motor head assembly, a rubber tire carrier 

and a remote control panel. The hydraulic head motor, which travels along the mast 

in the direction of drilling, develops the rotation of the driil rod. The drill fecd is 

achieved with a patented, double acting hydraulic cylinder mounted in a trunion 

block. Compressed air is used to generate the percussive mechanism in the ITH 

hammer and the exhaust air is ported through the bit to provide flushing air to 

, 
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Cha.pter 1. Introduction 5 

clcan the bot tom of the hole and convey the cuttings to the collar. The piston in 

the ITH drill hammer strikes directly on the shank end of the bit to break the rock. 

Ali of the working parameters, such as feed force, air pressure and rotation speed 

are monitored frorn the control panel by the operator and can be adjusted by him 

to achieve higher penetration rates while attempting to reduce the vibrations on the 

drilling system and thu3 minimize hole deviation. 

Like most mechanical systems, the driH string of an ITH percussive drill, which 

acts as a long sha.ft to transmit energy from the surface to the drill bit, exhibits lon­

gitudinal, torsional and lateral vibrations while drilling is underway. The amplitude 

of the vibration depends not only on the rock type, hammer characteristics and feed 

force levels but also on such parameters as bit design, hole length and composition 

of the drill string . 

1.2 Sta.tement of the Problem 

In bulk underground mining, as is the case at most Inco mines, hole accUlacy is 

of utmost importance when drilling production holes of up to 140 m lengths. The 

phenomenoJ.l of hole dcviation dramatically influences the results of the blast and 

dctermines the proper use of the explosi ve, redrilling requirements, size of the broken 

rock matedal, ore dilution and stability of the surrounding work areas. 

There are many factors surrounding the drilling process whicl< cause or influence 

hole devÏ.ation. These include initial set-up errors, variation in the geology and ex­

cessive fe.~d force thus contributing to the hending of the drill steel and development 

of vibration in the drill string. Over-thrusting of the bit contributes to drill string 

bending and since the drill string acts as a column to support the applied load, bend­

ing is Il. response of the system when the design load for this component is surpassed. 

As the:: hoÎt: gets deeper, the drill string will eventually become unstabilized and he­

gin to hend under the effect of the applied feed force, thus causing hole deviation 

to oc<:ur. The vibrations generated by the ITH percussive hammer also contribute 
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to the hole deviation. These forces are very complicated as a result of t.he nat.ure 

of the rock breaking mechanisms of percussive hammers. These become even more 

complex according to such factors as drill machine design, including uphole (carrier) 

and downhole (hammer, bit, steel and shock absorber designs) assemblics, holc gc­

ometries (diameter, length and inclination) ... nd geological propert.ics (st.ruct.ul'c and 

rock types). 

Under certain conditions, drill string vibrations have a det.rimental cfrcct on t.he 

equipment (accelerated steel and bit wear), the penetration rate and evcn the hole 

stability [1]. AlI of these factors will increase the total time and cost spent. on 

the drilling operation. The mechanical energy lost to drill string vibrations thel'Cby 

reduces the amount of energy available at the bit to break rock. The generat,ed vibra­

tions can ?Jso lead to premature failure of some shock sensitive sensors and clcct.l'ol1ic 

components in advanced drilling systems with monitoring and/or cont.rol capabili­

ties. Furthermore, when the drill string is excited at one of its nat.ural freqllcncics 

(asf:uming it has severa! frequencies), resonance couid be expedcd 1.0 occur. 

A way to reduce vibration in the drill string is to pIil,cc a shock absorber dircctly 

behind the hammer piston. The purpose of using a shock absOl'ber is to bot.h reduce 

the vibration generated by the piston and the amplitudes of vibrations transmitted t.o 

the drill string. Currently, commercially available shock absorbers do not. efficicntly 

reduce drill string vibration. This is a result of both poor shock absorber designs and 

a lack of understanding as to their true influence in damping drilling vibrations [1]. In 

this regard, effective shock absorbers for use in ITH percussive drilling applir.ations 

have yet to be developed . 
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1.3 Objective and Methodology 

Thcoretically, when the feed force acts on the top end of the drill string and the length 

of the string exceeds its critical force and/or critical length, bending of the string 

will occur. The lateral force on the drill bit due to the bending is thought to be one 

of the most important factors affecting hole deviation. Therefore, it was considered 

neccssary in this research to undertake a static analysis of the drill string in or der 

to beUer understand its behaviour. This approach is a fundamental component 

in understanding both the vibration characteristics of the ITH drill string and the 

phenomcnon of hole deviation due to the unstabilizing of the drill string. 

Both theoretical and empirical approaches have been combined for the drill string 

vibration research. Lumped mass and continuous system mathematical models of 

the drill string, based on the data acquired from monitoring a CD90B ITH drill in 

field tests, have been established. A shock absorber was placed at the top of the 

hammer casing during these same tests to decrease the stress in the drill string due 

to the pcrcussive action. The shock absorber was composed of mechanical springs 

and damping material where the former was designed as axial-force-acted elements 

only making them unsuitable to transmit the torsional torque. As a result of this, 

chapter 7 of the thesis examines the damping of the shock absorber with reference 

to the vertical and lateral vibration signaIs obtamed during the field tests. 

Underground field trials at the Little Stobie Mine, Sudbury, Ontario, were con­

ductcd as part of the thesis work using a fully instrumented CD90B ITH drill during 

the pcriod January 20, 1992 to March 26, 1992. A comprehensive data set was ob­

tained from the monitoring of eight (8) production blastholes of lengths up to 70 

111 while drilling within the nickel orebody. To examine the vibration properties of 

the drill string and the hammer, a metal collar (test rig) with vibration sensors at­

tached was temporarily installed on the drill pipe, see figure 1.5. Using a wireless FM 

communication system connected to these sensors and transmitted via a telemetry 

system, vibrations on a rod out of the hole were measured while drilling. Another 
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two sets of sensors measuring the lateral and longitudinal vibrations \Vere fixed on 

the drill head. The signaIs from the FM receiver and the fixed-on-drill-hcad sell­

sors were then demodulated into a voltage, passed through the signal rondilioning 

module and recorded by a 16 channel DAT (Digital Audio Tape) recorder. URing 

this set-up, tests were conducted with and without a shock absorber lo examine 

the effects on the transmitted vibrations through the drill string. In order that, t.he 

vibration data could be properly analyzed, the influence of such factors as fecd force, 

air and oil temperature, and air pressure were also monitored by \Ising appl'Opl'Ïale 

sensors mounted on the drill. In addition, the feed force, torque and pcnctrat.ion rat.e 

were also monitored in parallel to the vibration data to ensure that any ullcxplained 

responses could be justified as a change by the operator in either fced force 01' air 

pressure levels. After the holes were completed, geophysical surveys in the s,une 

holes were conduded to isolate any variations in rock type and geologiral strud.Ul'e 

which could also generate anomalous vibration responses . 

Tl'st Rig 

Sensor Ba t tE'r lE' 5 

Figure 1.5: Diagram of Test Rig 
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The data measured from field monitoring of a CMS CD-90B long-hole ITH drill 

and shock absorber were subsequently analyzed by signal processing and system 

identification methods to understand the nature and odgins of the drill vibrations. 

Although the drill string vibrates in three directions, only the excited-damped 

longitudinal vibration were studied in this thesis. Since the longitudinal and torsional 

vibrations in the drill string are analogous, the same frequency functions will be ob­

tained when the symbols are changed. Both vertical and lateral drill string vibrations 

have been analyzed during the signal processing and spectral analysis. In the model 

used, the boundary conditions are also the same, hence, the equations and results of 

the torsional vibrations can be obtained at the same time if needed. However, these 

two kinds of vibrations are considered to be independent of one another. 

The results of the analysis should assist in the design of a shock absorber with 

more efficient vibration damping characteristics while also resulting in a more com­

prehensive understanding of ITH drill string vibrations. 

1 .. 4 ThesÎs Overview 

The thesis is divided into seven chapt ers following the present section. In Chapter 2, a 

literature review is presented in relation to past research into drill generated vibration 

and deals mainly with studies using rotary drills. Rotary drills were extensively 

researched due to the fact that the majority of these efforts were undertaken and 

financed by the oil and gas industry in which rotary drilling and tricone bits are 

predominant. Chapter 2 also discusses the differences between percussive and rotary 

drills in terms of rock breakage mechanisms, the generation of vibration and the 

definition of boundary conditions. The field experiment using a CD-90B ITH drill 

forms the basis of chapter 3 including a statement of experimental objectives and 

methodology.Chapter 4 analyzes the static characteristics of the drill string, examines 

the criticallength and feed force of the drill string and provides results for the lateral 

forces acting on the bit due to the bending of the drill string. Chapter 5 concentrates 
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on the mathematical models of the drill system, where sorne boundary condit.ions 

of the continuous system are discussed. The simulation of the drill system and 

discussion of the results are provided in Chapter 6. In this chapter, theorctical 

studies relating to ITH drill vibration are discussed. Chapter 7 outlincs an analysis 

of the field experimentaldata. in relation to drilling variables and gcnerated vibrations 

by using system identification and spectral analysis techniques. The conclusions of 

the thesis and recommendations for further research work are ouUincd in chaptcl' 8. 
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Chapter 2 

Review of Past Research into 

Drill String Vibration 

The following chapter discusses drill system vibrations with reference to research 

cOllducted from 1960 to the present time. Very few references were fou~d in relation 

to the analysis of percussive drill vibrations; most of the research conducted was 

for rotary tricone drilling for oil and gas applications. However, these studies were 

undcrtaken primarily to examine the influence of vibration on hole deviation and so 

are of sorne use for the eurrent work. Due to the lack of information on percussive 

drill string vibration, only those studies on tricone drilling which exhibited a close 

similarity to the current study in terms of the system components and objectives i.e. 

hole deviation, are thus discussed. 

2.1 Rotary Tricone Drilling 

In petroleum and surface mining applications, drill strings of va~ying diameters and 

lengths, with or without shock absorbers, but having a tricone rotary bit at its 

bottom end are used. The drill string generally consists of sections of drill pipe having 

a uniform diameter and collars of one or more different sizes. In oil drilling, the length 

of the collar is relatively short compared to the total length of the drill string under 
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normal conditions. Both the drill pipe and collar in sucb applications have bccn 

observed to vibrate in three modes: 1) axially or longitudinally, 2) torsionally, and 

3) transversely or laterally. The lateral vibration, due to bending, bucking, whil'ling 

or whipping, especially near the drill bit, affects the hole direction and probably 

cont,ributes to the development of bottom-hole formation patterns which produce 

periodic axial and torsional bit loads [2]. Generally, lateral vibration levc\s arc 

considerably larger Lhan longitudinal vibration levels [3]. Longitudinal and tOl'sional 

vibraiions result in dynamic stresses which are amplified as the stress wavc travels up 

the drill string. It was dear from past research that these dynamic strcsscs dil'cctly 

affected string and bit life through premature wear and reduccd the ovcrall drilling 

rate by damping the energy required to break rock at the bit [5]. 

As a long shaft with a small cross sectional area, this type of drill string is mon! 

sensitive to the vibrations generated by drilling and thus has an illfinitc numbcl' 

of natural frequencies. If the drill string is acted upon by fluctuating forces whose 

frequency is close to the natural frequency of the string, vibrations of very large 

amplitude may result. When the exciting frequency is equal to the natural frequcnc:y, 

the amplitude of vibration will be limited only by damping (i.e., energy dissipation) 

in a system [3]. If the damping is insufficient, failure of systcm components can OCClU. 

The damping of the drill string is a result of the combined effects of the surrounding 

fluid in the case of mud drilling, and friction due to contact betwecn il and the 

hole wall. The collar, which is part of the drill string, plays a very important role 

in drill string vibration. Past research has indicated that the natural frcqllency of 

the drill collar section or bottom-hole assembly is a major factor in establishing and 

controlling vibrations throughout the drill string [7]. In other words, the hoLLom­

hole assembly alone dictates whether or not the entire drill string vibrates exccssively 

regardless of hole depth. This can be explained by the fact thaL the drill collar section 

is the primary recipient of vibration energy generated at the drill bit. 

The tricone bits used to drill oil and gas wells contain thrce cutters on cones 
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which are attached to a rigid metal body (see figure 1.3(b)). Upon rotation of 

the drill steel, the cones of the bit also rotate and tungsten-carbide inserts impact 

against the rock, breaking it into rock fragments or chips through compressive and 

shear failure mechanisms. The broken materials are cleaned away by either a fluid 

(water and/or mud) or air which is fed down through the hollow steel into the bit 

and out through ports to the rock interface and then to surface. 

Field and léLboratory measurements of drill string vibrations by several researchers 

over the past 25 years indicate that tricone drill bit displacement frequencies are 

gcnerally in the range of three cycles per bit revolution. Therefore, the frequency of 

bit displacement can be defined by; 

N 
!=-20 

or 
N 

w = 21r/ = 1r-
10 

(2.1) 

where N is the rotary speed of the drill string (r.p.m.). The displacement of the 

bit can be simply expressed by; 

x(t) = xosinwt (2.2) 

It is believed that the bit teeth and cone action at the bit-rock interface and the 

rotation and fluid pressure pulsations are the main sources of vibration in the drill 

string in oil and gas weIl drilling [8]. Particularly, the motion of the cone teeth is 

the main source of longitudinal and torsional vibration of drill string. As mentioned 

above, resonance or severe vibration could be expected to occur whcn the drill string 

is excited at one of its natural frequencies. Although resonance is possible, the large 

bit vibrations are believed to be due mainly to the relatively large amplitude of 

bit displacement rather than resonance [8]. Eccentric motion of the bit due to the 

formation of irregular surfaces at the bit-rock interface is a result of improper bit 

design for the type of rock or insufficient feed force causing bit bouncing. If there 

are many surface irregularities produced by the bit action, large amplitudes of bit 

displacement will result inducing large amplitude vibrations in the drill string. In 

order to reduce the drill string vibration amplitudes, it was seen necessary to control 
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the force on the bit and thus decrease the amplitude of bit displacement. This 

may be done by using a more suitable drill bit for the formation type which would 

give better performance through more efficient rock breakage to thus produce lower 

vibration levels. In addition, the use of a suitable drill operation strategy (manual 

or automatic) to modify both rotary speed and weight on bit according to changing 

downhole conditions, would also assist in reducing vibrations. 

Another effective method to reduce drill string vibration in rotary drilling is to 

place a shock absorber, designed to provide localized axial flexibility in the drill 

string, as close to the bit as possible. The effectiveness of this approach is confirmed 

by both practical and theoretical studies based on linear drill string models [1]. Ac­

cording to vibration theory, whether or not a shock absorber decreases thc dynamic 

forces in a drill string depends on the spring constant and damping ratio of the shoc:k 

absorber as weIl as the bit displacement frequency (a function of the rotary specd) 

and force applied on the bit. Under certain drilling conditions, the ability of a shock 

absorber to reduce drill string vibrations increases as both spring rate and degrec of 

damping are reduced [IJ. On the other hand, at a vibration frequency in resonance 

with the drill string, damping should at least reduce the resonant amplitudes. A 

small but non-zero value of the damping has a favourable effect on drill string vi­

bration. Sorne authors believe that a shock absorber used in a rotary drill system 

presents a case of non-linear behaviour due to the strong Coulomb friction bctwccn 

the drill system and hole wall and that in the shock absorber [9]. Howevcr, what 

should be noted is that if a shock absorber has too stiff a spring element (high spring 

rate), the dynamic forces on the bit and drill string stress may be higher at low 

rotary speeds than if no shock absorber were used. Also mechanical springs in shock 

absorbers are more effective at the higher operation frequcncies (or rotary speeds) 

than they are at lower operation frequencies . 

~ ~~~ 
. , "" .Jff"~~ 
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DRllL STRING 

Lc 1~1II 

i----- .-........ 
! l SHOCK · . : : ABSORBER · . . _--_ ....... _--, ,----_ ........... -. 

PERCUSSJVE ! : 
HAMMER ! : 
AND BIT : : · . • _____ _ __ a_et 

EXaTED FORCES 

Figure 2.1: A Simplified Percussive ITH Drilling System 

2.2 Percussive Drills 

A comparison of rotary tricone bit and percussive ITH drills indicates that there are 

many differences between the two systems, for example the drilling method and drill 

string components. Figure 2.1 shows a diagram illustrating a simplified percussive 

ITH drilling system consisting of a drill string, possibly a shock absorber, a hammer 

and a bit. The length of these components do not generallyexceed 150 m. The 

difference in the drilling methods, however, is considered to he more important for an 

analysis of the boundary conditions and nature of the excited forces. For example, in 

tricone rotary drilling, both ends of the drill string exhibit more complex boundary 

conditions than in the percussive system. Although a vast amount of data was 

measured from past field drilling experiments. it was considered unsatisfactory for 

the calculation of the boundary conditions for rotary tricone bit drills [10]. The 

houndary conditions for percussive drills will he compared with rotary drill systems 

in a later section . 

The different drilling methods also generate different excited forces. lu rotary 
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drilling, the main cutting action is due to the rotation of the bit. The drills attack 

the rock with energy supplied to the bit from the rotation of the steel under applied 

thrust. The bit cones with rows of tungsten-carbide inserts arc pressed into the rock 

to first crush the rock through compressive faiture and then shear the materiat along 

predeveloped fracture surfaces under rotation. The main similarity bctween rotary 

and percussive drilling is the crushing of rock under an axial load. In the former, 

the impact mechanism is due to continuous rotating of thc cones bringing the inseds 

into contact with the rock, white in percussive drills, the impacting is generatcd by 

a hammer at a constant blow rate. In percussive drills, bit indexing i.e .. rotat.ion 

clears the broken fragments away from the rock interface in preparation for the ncxt 

impact. If the index rate is insuflicient, the impact energy will be dampened due to 

the presence of crashed rock material under the bit. Drill cuttings arc removcd from 

the hole by flushing air in most percussive drills, which is provided bya compressor 

on board the drill. In rotary drilling, flushing is by air, water or mud or combinatioll 

of these media. 

The axial vibrations of rotary drill are mainly the result of the tricone bit rolling 

over high and low spots at the bit-rock interface and the axial impacting of inserts 

[8,2]. ITH percussive drills generate vibrations as a result of the hamrncr action 

which propagates a stress wave through the bit to fracture the rock bcneath. The 

vibrations caused by the indexing is believed to be much less than that duc to the 

percussive action of the hammer on the bit. The nature of the excited force in 

percussive systems ruso depends on the rock properties, bit shape/design, piston 

final velocity, air pressure, and the cross section al area of the hammcr casing and 

the piston . 

,> 

'" 
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Chapter 3 

Field Monitoring of An ITH Drill 

3.1 Introduction 

In this thesis, the research work has combined both theoretical and empirical ap­

proaches in which data acquired from monitoring the performance of a CD-90B ITH 

drill in underground tests is analyzed. Underground field trials at INCQ's Little 

Stobie Mine, Ontario, were conducted using a fully instrumented CD-90B ITH drill 

during the period January 20, 1992 to March 26, 1992. Data was acquired from 

the monitoring of eight (8) production blastholes of lengths up to 68.6 m (225 feet) 

and dips ranging from 56° to 88° from the horizontal while drilling within the nickel 

orebody. Three (3) cored holes were also drilled in close proximity to the production 

holes. Figure 3.1 shows the location of the production holes and the cored holes. 

A total of 18 different signals were monitored during the underground field tests, 

including Ceed force, torque, rotary speed, air pressure, air and oil temperatures, air 

flow, displacement, and vibrations in different directions and locations. To better 

understand the vibration on the ITH drill, the three modes of vibra.tion - longitudi­

nal, torsion al and lateral, were measured by installing a triaxial vibration transducer 

mounted on a metal block onto the drill rotation head. Since this thesis is mainly 

concerned with the transmission of vibration along the drill string, a metal test rig 
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(see Figure 1.5 on page 8) with vibration sensors and transducers attached was ns~ 

sembled which was then temporarily installed on the last drill pipe. Using a wireless 

FM communication system, the vibration transducers and the telemetry system wcrc 

used to measure the vibration signaIs on the drill string while drilling. With use of 

this set~up, the longitudinal and lateral vibration responses of the drill string, with or 

without a shock absorber, can be compared to evaluate the capability of the shock 

absorber to absorb the vibration from being transmitted from the drill hammcr, 

through the drill string to surface. 

AU the signaIs from the transducers and telemetry system were first passl;ld 

through a signal conditioning/isolation block and recorded by a TEAC RD 200T 

Digital Audio Tape (DAT) recorder. The digital signaIs were obtained by playing 

back the DAT tapes, filtering the analog signaIs, and then digitizing by an analog to 

digital cardo Geophysical logging of the production and core hotes was undertaken 

by two companies, IFG Corp., Toronto, and GPR Geophysique, Montreal, to providc 

a comprehensive suite of data to correlate to the monitored drilling data. 

3.2 Objectives 

The objectives of the field tests are listed as follows: 

1. Evaluate the capacity of the shock absorber to absorb or isolate the vibration 

transmission from drill hammer to the drill machine. 

2. Find the relationship between the operation variables and the vibration, 

especially the longitudinal vibration on the drill string and drill head. 

3. Attempt to validate the vibration equations to be defined in subsequent chapLers 

using the field test data, or to identify new empirical equations. 

4. Acquire knowledge about the drilling process dynamics. 

5. Acquire knowledge regarding the design of the shock absorber uBed on an ITII drill. 
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Figure 3_1: Plan and Section Views of the Monitored Production Holes and Cored 
Holes, Little Stobie Mine 
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Figure 3.2: CD 90B ITH Drill U sed for the Field Tests 

3.3 Experimental Methodology 

3.3.1 The CD 90B ITH Test Drill 

20 

The CD 90B ITH drill is a product of CMS Ltd., Ontario, Canada. Bcfore the cxpcr­

imentation, several changes of the drill have been done according to the requiremellts 

of the underground field tests. The drill rig was instrumentcd by installing Hensors, 

transducers or power unit on it. A testing rig used for the measuring the vibra­

tion on the drill rod with the telemetry system was also built and assemblcd bcfore 

the tests. As a part of the ITH drilling process monitoring and data measuring, 

the vibration testing has been made at different drilling conditions: with the shock 

absorber installed on the drill rod; drilling without the shock absorber; drillillg al, 

normal feed force; drilling b.Jyond the normal feed force range. Figure 3.2 shows the 

CD 90B ITH drill used during the field tests which is with the shock ahsorber and 

the test rig installed . 
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3.3.2 Data Acquisition 

Data acquisition during the field tests was composed of data measurement, trans­

mission, and recording. The 18 transducers installed on the drill were connected 

directly to a signal conditioning interface. A telemetry system using a wireless FM 

communication system was used to monitor two identical vibration transducers on 

the drill head. This signal was demodulated into a voltage, and then to be sent to 

the signal conditioning interface. Figure 3.3 shows its overall strategy of this process. 

Telemetry System 

c=:t~j~J~l:rr.;;J]..~~~ 
~~~~r~r::::::> ~ c:::> 11808~8s8l~il c:> 1IJ~;q~ - jjgggggggggggggg 

w • 
Sll1IaI 

Condltloner TEAC RD 200T DAT 
CD-90B !TH Drill Recorder 

Sensors 
Transducers 

Figure 3.3: Field Test data Acquisition Setup 

The signal conditioning interface shown in figure 3.3 is a subsystem to fllter 

and amplify the signaIs which come from the transducers before being stored on 

the DAT (Digital Audio Tape) recorder. This subsystem also provides complete 

magnetic isolation, high common-mode noise rejedion and easy field calibration. A 

TEAC RD 200'1' DAT recorder was used to record the data during the field tests 

and can simultaneously store 16 analog signaIs of 2.5 KHz bandwidth each at this 

sampling rate. Each tape for the DAT recorder cao store two hours of data. Figure 

3.4 shows the global layout of the field testing electronic instrumentation . 
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3.3.3 Data Conversion and Digitization 

The data conversion and digitizatioD was at McGill University following the field 

tests. The data tapes were played back by the TEAC RD 200T recorder with analog 

signals passed through a series of fiIter. An Analog Device's RTI-815 analog-to­

digital converter card, installed in a computer's expansion slots, was used to digitize 

the analog signaIs. The computer used for the data converting, digitizing, storing and 

processing was a PACKARD BELL Force 386/33 Personal Computer (with 80387 

co-processor) equipped with 640 Kh of RAM memory,4 Mb of extenùed memory, 

a 120 Mb hard disk, iwo Hoppy disk drives (double side/high density) and an EGA 

color monitor. The general scheme used for the data converting and digitizing is 

illustrated in figure 3.5. 

TEAC RD200T 
DAT Recorder 

ANDe Card 
RTI-815 AID Card 

#_ -'_r=' 
- 1-.J_c.. 

~_-_--=..::....::~ ..:....II 

Computer 

Figure 3.5: General Scheme for the Data Converting and Digitizing 
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3.4 Monitored Parameters 

There are 16 variables which were monitored on the CD-90B ITII drill which \Vcrc 

monitored during the field test, However, only 12 variables wcrc of intcl'cst, for the 

vibration ana.lysis in this thesis. These are: 

• Feed force 

• Torque 

• Rotary speed 

• Air pressure 

• Air flow 

• Penetration rate 

• Torsional vibration on drill head 

• Lateral vibration on drill head 

• Longitudinal vibration on the drill head 

• Lateral vibration on the drill string 

• Longitudinal vibration on the drill string 

A detailed explanation of the monitored variables listed above can be round in 

the following subsections. 

3.4.1 Feed Force 

Feed force is required for a percussive drill in order to ensure that the bit is in good 

contact with the rock when the piston strikes the bit. The reflected stress wave will 

first cause the bit and hammer to rebound and the whole system to vibratc. The 

amount of reflected stress energy will depend on the rock properties and the amount 

of applied feed force. The feed force is also used to move the bit back in contact 
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with the rock prior to the next piston blow and used for balancing the reaction force 

produced by the compressed air which accelerates the piston. 

During the drilling tests at the Little Stobie Mine, an optimum feed force was used 

in most of the production holes. The pressure in the feed cylinder was maintained at 

about 6.8947 X 106 N/m2 (1000 psi) (gauge) to obtain the best drilling performance. 

Excessive feed force was applied in an attempt to obtain data from which the effect 

of this condition to influence deviation. 

Feed force was monitored, during the field tests, by measuring the differential 

pressure acting on the piston inside the feed cylinder. The cylinder used for the 

CD90-B ITH drill was a compound 2-stage double acting cylinder. The feed force 

then can be calculated bYi 

where 

FClII = Feed force produced by the feed cylinder 

Pd, Pu = Downward and upward pressures of the piston 

A = Cross-sectional area of the piston 

3.4.2 Torque 

(3.1) 

The torque of an ITH drill is the response composed of bit chipping action, the 

friction between the rod and hole wall and the friction from aIl rotating drill compo­

nents. Sorne drilling variables such as feed force, piston blow rate , hole depth and 

rock properties can also affect the torque. Bending of the rod and flushing conditions 

also exert sorne inHuence on the measured torque level. 

Torque was determined by measuring the differential pressure between the inlet 

and outlet parts of the hydraulic rotation motor on the CD-90B ITH drill. For the 

Sauer Sundstrand Series 40 M46 Axial piston fixed displacement mot or on this drill, 

.. -. "-
.' 
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the torque ean be defined as; 

where 

T = Torque acting on the hammer 

Pin, Pout = Pressure at inlet and outlet parts of the motor 

q = 7.11 em3/rev., Geometrical displacement of the motor 

R = 27.75x2.8 = 77.7, Gear Ratio 

Tf1 = 0.85, Motor efficiency (varies between 0.8 and 0.89) 

Tf2 = 0.9, Gear transmission efficiency 

TI = Torque due to friction 

26 

(3.2) 

Because the efficiency varies with different RPM's and pressures, an average value 

of efficiency Tf1 should be adopted when calculating the torque . 

3.4.3 Rotary Speed 

The CD-90B ITH drill is designed to have a maximum rotation speed of 20 RPM. 

During the field tests, the RPM was varied over its operational range while the feed 

force wa.s held constant. The rotary speed was measured using a magnetic pick-up 

sensor which counted a magnetic strip affixed to the rotary head. 

3.4.4 Air Pressure, Air Flow Rate and Penetration Rate 

A vortex type flow transducer, model FV-520G-F, was used in the field tests to 

measure air flow rate. A 4-20 mA current output of this transduccr was then pro­

portional to the flow rate. The air pressure transducer used in the tests provides 

a maximum output of 6.347 V for 3,44 x 106 N/m2 (500 psi) with a 1.347 V offset. 

In addition, drilling displacement and penetration rate were measurcd by a trans­

ducer which produced two separate outputs for displacement and velocity. Duc to 
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a very low penetration rate measured by this transdllcer, the penetration rate was 

calculated by differentiating the measured drilling displacement. According to the 

method of measurement of the field tests, the air pressure, air flow rate and drilling 

displaccment can be cxpressed by the following equation; 

(3.3) 

where 

Q, P, S =Measured air flow rate or air pressure ,or drilling displacement respectively 

xI = Full range of the transducer 

VI = Full output range of the signal conditioner 

Oma:e,Omin = Output range of the transducer 

Qma:e, Qmin = Input range of the signal conditioner 

Vi = Input setting of the DAT recorder 

Va = Output setting of the DAT recorder 

Vd = Data in voltage 

AI = Gain of the filter 

3.4.5 Vibration 

There were two sets of vibration signais monitored during the field tests. The first 

set were the vibration responses on the drill head measured by a triaxial vibration 

transducer mounted on a metal block. Depending on the test, this set of vibration 

signaIs contained either the responses on the drill head when a shock absorber was or 

was not used. The vibration transducers were connected directly to the signal con­

ditioners and the DAT recorder. Another set of sensor used to obtain the vibration 

signaIs on the drill rod while drilling. These sensors were monitored and measured 

by the transducers mounted on a test rig (see Figure 1.5 on page 8) and the telemetry 

system. Due to technical difficulties with the instrumentation, the vibration signais 
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on the drill head and the drill rod were not able to be measured simultancously. 

The triaxial vibration transducer used to measure the vibration signal on the drill 

head was composed of three identical accelerometers. The output range of the cach 

transducer was ± 5V for ± 50 g of acceleration. The vibration level mcaslll'cd fOI' 

each transducer can be calculated by; 

A = XI Qmoz - Qmi~ Yi Vd 
Oma:J: - Omin VI Va AI 

where 

A =Measured acceleration, 0 - 50 g 

XI = Full range of the transducer 

VI = Full output l'ange of the signal conditioner 

Omaz,Omin = Output range of the transducer 

Qmaz, Qmin = Input range of the signal conditioner 

11 = Input setting of the DAT recorder 

Va = Output setting of the DAT recorder 

Yrl = Data in voltage 

AI :: Gain of the fllter 

(3.1) 

The equation to be used to calculate the vibration responses on the drill rod by 

using the vibration transducers on the test rig and the telemetry system, howcvcr, 

is slightly different from that used for the vibration on the drill hcad by adding the 

factors of the telemetry system. It is; 

A = x, Qc Qmaz - Qmin Yi \Id 
Ot Oma:J: - Omin V, Va A J 

where 

A =Measured acceleration, 0 - 50 g 

xI = Full range of the transducer 

Ot = Full output range of the transducer 

Qc = Full input range of the telemetry transmitter 

(3.5) 
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VI = Full output range of the signal conditioner 

Omax,Omin = Output range of the transducer 

Qmax, Qmin = Input range of the signal conditioner 

l'ï = Input setting of the DAT recorder 

Va = Output setting of the DAT recorder 

VcJ = Data in voltage 

AI = Gain of the flIter 

29 
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Chapter 4 

Analysis of the Percussive Drill 

String 

4.1 Static Analysis 

30 

As mentioned in eartier chapters, very few references related to the static and dy­

namie analysis of percussive drills have been found. Static analysis fOl'lTIS the basis 

for undertaking a comprehensive study oC percussive drill dynamic characteristics. 

On the other hand, every effort has been made to determine the relationship betwecn 

the buckling and bending of the drill string and hole deviation under assurned statie 

feed forces through the static analysis. It is believed that the lateral forecs creat/cd 

by both the bending or buckling and vibration of the drill string arc the main causcs 

of hole deviation and as such will be analyzed in detail in this rescarch. 

The drill string for a percussive drill can he considered as an c1astie body of 

distrihuted mass and theoretically has an infini te number of degrees of Creedom. 

To analyze the statie-dynamic characteristics of the drilling system, it is nccessary 

to model the system to a Single-Degree-of-Freedom-System as shown al:; figure 4.1. 

The mode! system consists of the masses (the drill string, hammcr, and drill bit), 

the damping along the drill string and the elastic element (the drill string and shoek 
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absorber) Le. the spring-and-mass system. It is assumed that the system is linear and 

the damping is viscous. 1 From the free body diagram of the mass, the differential 

equations of motion of the system can be derived. Figure 4.1 shows the mass placed 

in its static-equilibrium position with the spring stretched a distance xs from its 

free-length position. Summing the forces vertically, the equation, 

(4.1) 

is derived, where :ES = static movement of mass from a static-equilibrium position. 

k(XI) 

k(I+II) C(I) 
.. .......... ,. . .\ 4i .... , .. 

..... ~ .... "! ..... .. 
-L ',. S.alle 

• !lQ!!llIbrlum 

w 

• • 
w 

Figure 4.1: Free-Body Diagram of a Percussive Drilling System 

\Vhen the mass (m) has a positive displacement x from the static-equilibrium 

position, it undergoes both a positive downward velocity and acceleration as shown 

in figure 4.1. The forces acting on the mass are the spring force k(x + xs) a.nd the 

1 Although in reality, Coulomb friction deals mainly with the damping of vibration and axial 
forces [1], ViSCOU8 damping is assumed in the current case for re880ns of simplicity, in order to 
derive the dift'erential equations which describe both the static and dynamic conditions of the drill 
string. 
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viscous-damping force ex, where both the spring and damping force aet upwards. 

Applying Newton's second law, 

W - k*(x + xs) - ci: = mx 

where 

W = weight of the mass 

x = velocity of the mass 

x = acceleration of the mass 

and substituting equation (4.1) into (4.2), then, 

" e. k x+-x+-x=O 
m m 

(4.2) 

(4.3) 

From this differential equation, it is apparent that the gravit y force and/or its 

moment acting on the system will be cancelled by the force and/or moment prodllced 

by the elastic elements in the static-equilibrillm position. In other words, for t.he 

static situation, the total weight on bit will not change with an increase in length of 

the drill string while drilling. 

4.2 Analysis of the Buckling and Bending of the 

Drill String 

Since the drill string is considered as a long-uniform pipe which is slendcr complu'cd 

to its length, it is necessary to investigate its failure by buckling under the longitu­

dinal feed force and the criticalload under certain boundary conditions. Gencrally 

speaking, the stability of the drill rod acted on by the feed forces at its top end, 

depends on its material, boundary conditions at both ends, length and axial forces. 

If eitber the length or the axial forces of the rod exceeds the criticallimit, bending or 

buckling will produce lateral forces which act on the drill rod. Thereforc the results 

of examining the stability of the drill string are useful for studying the deviation of 

, 
lA 

... ".".;::,_.\;:"'~ 
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an ITH pel'cussive drill. AlI the calculations for the buckling or ben ding of the drill 

string are based on the theory of strength of materials. 

An ideal drill string is assumed to be initially straight and subjected to axial 

compressive loads to maintain good bit contact with the rock. However, in reality, 

the string al ways has unavoidable eccentricities due to excessive axialloads and/or 

wear which produce the moments along the string. If the eccentricity is sma.ll and the 

string is short, the lateral deflection is negligible and the flexural stress is insignificant 

compared with the direct compressive stress. A long string, however, is qui te flexible 

because deflection is proportional to the cube of the length. A relative low value of 

axial load may thus cause a large Hexural str~ss by the moments. Therefore, as the 

length of the string increases, the flexural stress increases. Figure 4.2 shows that 

when the axialloads (Y-axis) and/or length of the string (X-axis) exceed the critical 

load and/or criticallength, buckling of the string will occur with subsequent failure. 

)(104 

7 

Pcr 

6 
~h 'w 

1\ 

: \ 
: \ 
1 

L.Y 1 _1 
1 

1 1 
1 

1 , 
112 1 

\ : 1 
If! , 

~ ~ 

\. 1 

" 
Pcr 

....... 

2 

1 

2000 4000 6000 8000 10000 12000 

length of Drill String (cm) 

Figure 4.2: Critical Load versus Length of the Drill String 
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4.2.1 Critical Load and Critical Length 

In this section, the simple but basic theory of critical load and/or length of rod 

which are subjected to the axial forces from drilling are reviewed to provide a bcttcr 

understanding of these concepts. A theoretical analysis of the criticalload fol' a long 

drill string is based on Euler's Formula, defined as 

whcre 

1 = length of the drill string 

1 = moment of inertia of the drill string 

k, = coefficient of length 

p cr = criticalload 

E = modulus of elasticity 

( 4.4) 

The value of k, depends on the boundary conditions of both cnds of the string. 

There is sorne difference between the boundary conditions considcred here and those 

disctlssed above. The boundary condition of the drill string can be considcrcd as 

fixed-pinned, where according to Euler's Formula, k, would beequal to 0.7. A sample 

calculation was made based on actual data obtained from field tests with a CD-90n 

ITH drill (refer to Section 4.2.4). These results are representcd in figure 4.2, whcre, 

for example, when the length of the drill string exceeds 20 m, the axial compressive 

loads are seen to decrease quickly . 
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Figure 4.3: Diagram of Buckling of Drill String 

4.2.2 The Bending of the String Before Unstabilizing 

35 

The condition investigated in this section is quite different from that discussed in 

section 4.2.1. Here it is assumed that the drill string has a small initial curvature 2 

which produces a large change in the effect of the axial force on the defiection, see 

figure 4.3. 

Let Yo (thick solid line) denote the initial deflection curve of the string and YI 

the deflection curve produced by the axial force, so that the total deflection y (thick 

dashed line) after bending is 

v = Yo + YI (4.5) 

and let the initial deflection curve be 

b • 7rX b' 21rX 
Vo = lsm- + 2sm-- + ... 

1 1 
(4.6) 

2 Actually, l110st drill strings have initial curvatures due to hole deviation, drill string joints and 
bending due to wear and tear 
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and the deflection curve produced by the axial load is 

• 7rX . 2?1'x 
Yt = at sm- + a2sm-- + ... 

1 1 
(4.7) 

then, the work done by the axial force (tot - wo) is 

Wt - Wo = ~ fi [d(Yl + YO)]2 dx _ ~ fi [dYo ] 
2 

cLx 
2 Jo dx 2 Jo dx 

(4.8) 

If the string is given an infiniteJy small additionaJ dcflection, dan sin( n:l:7r /1), t.he 

work done by the axial load P during this deflcction is 

8(Wl - wo) n 2 7r 2 

P 8a
n 

dan = P2i (a n + b,,)llan 

The increase in strain energy in this case is 

(4.10) 

and the increase in strain energy is equal to the work donc by the axial force P, from 

equation (4.9) and (4.10), that is 

EI?I'4 n 27r 2 

~n4andan = P2z{an + bn)llan 

Let q = Pl2 / Ebr2 , the relationship of an and bn can be found as 

q 
an = bn~2-'--­

n -q 

(4.11 ) 

( 4.12) 

Substituting an into equation (4.7), the deflection ClIrVe of the string produœd 

by the axial Joad can be defined as 

[
bl sin T b2 sin lT ] 

YI = q 1 _ q + 22 _ q + ... 
If it is also assumed that the initial deflection is Yo = bsin(7rx/I), thcn 

qbsin ~ 
Y - 1 1-

l-q 
(4.14 ) 

Therefore, according to the equation (4.5), the total deflcction y is (!qual to 

b . ?l'X 
Y = Yo + YI = -- sm -1 - q 1 

(4.15) 
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and the angle or the slope at x is 

dy Inr 1I'X 

O(x) = dx = (1 _ q)1 cos-, (4.16) 

When x = 1 and x = 0, in equation (4.15) and (4.16), there will be a maximum 

deflectioll 1Jmo.% in the middle of the string and maximum angle (Jmo.% at both ends 

of the string. Gcnerally speaking, when maximum deflection exceeds the tolerance 

betwecn the drill rod and hole wall, it will touch the hole wall, which implies that the 

lateral forces needed to induce the hole deviation will be created at both the middle 

point and each end of the drill rod. The angle, (J, especially at the bot tom end of the 

drill rod, should he one of the characteristics to evaluate hole deviation. 3-D plots, 

in figure 4.4 and figure 4.5, are results hased on calculations using equation 4.15 and 

4.16 .. These plots indicate the relationship hetween the maximum deHection and/or 

the maximum angle of the string, axial load and change of length of the string. 

Whcn the axial load and length increases, the maximum deflection increases, and 

the maximum angle decreases (figure 4.4 and 4.5). What should be noted is that all 

the calculations and derivations of the equations are based on the assumption of a 

small initial deflection and the axialload not exceeding the criticalload. 

Pl 
l, 
j'X'IIo_blln( .. , 

b : , 
\! , __ \ '_.'1 , , , , , , 

112 !, 
:' y-"-:' 

P 
p ~--------' 

Figure 4.4: 3-D Plot for Maximum Deflection 
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Figure 4.5: 3-D Plot for Maximum Angle 
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4.2.3 The Deflection of the String After Unstabilizing 

If the axialload is larg6r than the criticalloOO, then drill string buckling will occur. 

The deHection of the string can be expressed by the equation [14]: 

y = 1..,t8 J P 1 [1 - ! (L - 1)] 
7r Pcr 8 Pcr 

( 4.17) 

The relationship between the load and deflection can he represented as shown 

in figure 4.6. As long as the load is Rmaller than Pc," (piPer < 1), the deflcctiona 

is zero. Beyond this limit, the deflection will increase rapidly with the load. ft is 

very important, therefore, to determine the critical 1000 for a long drill stl'Îng to 

avoid buckling. If the drill string has an initial deflection before unstabilizing, the 

deflection of the string increases rapidly due to the axial compressive load. ACter 

unstabilizing, the string fails very quickly. 

3y /1 is ra.tio of deflection to length of rod 

r -, "' C-('''_~~ 

ç 
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Figure 4.6: Vertical Load versus Deflection 

4.2.4 Calculations of Critical Length and Generated Forces 

For practical applications, the criticallength at particular feed forces was calculated 

for both cases Le. with and without a small initial deflection. The forces acting 

on the drill string (or on the borehole wall) due to the buckling and bending of the 

string were also analyzed.4 It is believed that if the buckling or bending happens 

(the string touches the borehole wall), it will result in deviations of the desired hole 

trajectory. The following values were used in the calculations and analysis based on 

data. monitored from a CD-90B ITH long-hole drill operating at the Little Stobie 

Mine: 

E = 200 X 109 Pa = 200 x 109 N/m2 

P (feed force) = 3000 lb = 1.3345 x 104 N 

Din = 6.125 in = 0.1556 m 

Dout = 6.5 in = 0.1651 m 

Dh = 8.5 in = 0.216 m 

4The cffect of the distribution of the mass along the drill string is Rot taken into account. 

. . ...::i 
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b (initial deflection) = 0.1 in = 0.0025 m 

Ylma:r: = (Dh/2 - Dout/2) - b = 0.9 in = 0.02286 m 

bl (new initial deflection ) = (Dh/2 - Dout/2) = 1 in = 0.0254 III 

p 

L 

1 
1 y_ 

,a) lb) 

p 

F 

F 

(c) 
(II) 

p 

Figure 4.7: Boundary Condition and Initial Deflection of the Drill String and Cal­
culation of Horizontal Forces of the Drill String 

Calculation of Critical Length Without Initial Deftection 

According to equation (4.4), if the boundary condition is assumed as in figure 4.7 

(a), and the critical force is assumed to be the {eed force, the criticallcngth of the 

drill string can be expressed as: 

L = J'Ir'EI 
KJP 

(4.18) 
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where 

/ = moment of the drill string 

/<0 = coefficient of the Iength (depends on the boundary condition) 

Substituting the values Iisted above into equation (4.18), then 

L=34 m 

This is to say that when the feed force is kept constant (1.3345 x 10" N ), the 

maximum Iength of the drill string without unstabiIizing will be equal to 34 m. Figure 

4.8 shows the reIationship between the criticaI Iength of the string and the feed force 

without the initial deBection. What should be noted is that the calcuIations were 

made based on assumptions of an uniform cross sectional area drill string, constant 

feecl force and certain boundary conditions for the drill system. 
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Figure 4.8: Feed Force versus Critical Length without Initial Deflection 
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Figure 4.9: Feed Force versus Critical Length with Different Initial Deflection 

Calculation of Critical Length with Initial Deftection 

Figure 4.9 shows another case when the critical length of the string wiih initial 

deflection is calculated. In this calculation, the same houndary conditions and reecl 

forces have been assumed as in the previous case. Based on the theory of section 

4.2.2, the initial deflection curve of the string should he Yo = bsin(1Tx/I), Equation 

(4.14) gives, (note that q = Pl2 / El1r2) 

where 

L= 
Ytma:cE17r 2 

P(Ylma:c + b) 

b = maximum initial deflection of string 

Ylmcu: = maximum deflection produced hy axial load 

(4.19) 

< ,~ 

.... ,"~:::,;â 
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Substituting the values given earlier into this equation gives, 

L=32 m 

This implies that the maximum length of the string, with an initial deflection 

insufficient to allow any drill string contact with the borehole wall due to bending, 

is less than that without the initial deflection. The resuIts also indicate that the 

more the initial deflection, the shorter will be the maximum length of string without 

scrious bending. This feature was clearly indicated by figure 4.8 which reveals the 

rclationship hetween the feed force, criticallength and initial deflection. 

Calculation or Lateral Forces Due to String Bending 

When there is considerable steel heuding, lateral forces T and F (see figure 4.7 (d), 

(e) and (f)) will he created to act on both sides and at the middle point of the string 

due to contact with the horehole wall. The feed force is still being applied to the 

upper end of the string at the same time, thus producing hole deviation. Figure 

4.7 (e) is a diagram of the forces acting on the string for the case where there is no 

contact with the borehole waHs. Figure 4.7 (f) shows the horizontal forces acting on 

the string when it touches the waHs of the hole due to the bending. In this case, the 

deflection of the middle point of the string will he: 

Tl3 

y = 48EI (4.20) 

Examining equations (4.14) and (4.20) and the results of force balances, yields 

Pl2b1 Tl3 

El1r2 - pp = 48EI 
( 4.21) 

or, 
48EIPb1 

T = l(Ebr2 _ Pl2) (4.22) 

Substituting E, l, P, bt and 1 = 32 m into equation (4.22), then, 

T= 514 N 
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and 

F = T/2 = 257 N 

where T and Fare lateral forces acting on the middle and both sides of the string 

due to its bending (refer to figure 4.7 (d)(f». 

Figure 4.10 and 4.11 are results of the calculations based on sorne initial assump­

tions. Because equation (4.22) was derived from a classical heam deflectiol1 equation 

(equation (4.14» and the bending equation (4.20), it is necessary to assume the string 

should he nearly straight when its middle point touches the wall of the hole because 

of bending. These same assumptions apply when ealculating the lateral forces in 

the region where the string is unstabilized either for the critical length or critica.l 

feed force limit. When the length of string or food force exceeds the critieallimit, 

equation (4.22) ean not be usecl any more. This is due to the faet that when the 

string oscillates due to unstabilizing, there will be a non-liner deflection acting 011 it 

and thus no certain defleetion curve can be predicted. Sorne rcsults from the moni­

toring of a CD-90B drill underground show that most hole deviations have only one 

deflection along a partieular direction for the entire length of hole. Thcreforc, it is 

important to study the initial bending of the string when dealing with the problems 

of hole deviation . 
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Chapter 5 

Continuons SysteRl and Boundary 

Conditions 

An analysis diagram of the CD-90B ITH percussive drill monitored in underground 

tests is shown in figure 5.1 (a)(b). AH the basic elements of the drill system such as 

the string, the hammer case, and the shock absorber are included. Also shown is the 

coordinate system used in the analysis. 

5.1 Assumptions 

The CD-90B ITH percussive drilling system consists of the drill string, the hamrner 

assembly and the equipment out of the hole (carrier). To reduce the complexity 

of the system and thus derive a mathematical model, it is necessary to rnake sorne 

initial assumptions and simplifications of the system when the boundary conditions 

are selE'cted. 

It is assurned that the drill string is a long pipe having a uniform cross-section al 

area and without any joints with the latter assumed to have a negligible effect on 

the longitudinal and torsional vibrations. The forces that excite the drill string arc 

assumed to act on the bit, that is they act on the bot tom end of the hammer assembly . 

In reality, the excited force is related to the rock properties, bit shape, piston final 

"-! ";-'---f7·~~ 
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x 

dx AEZ:(X.I)+AE~·(x.l) 

L 

x 

AEZ·(x.I)+f~(x.l) (b) 

o 
(a) 

Figure 5.1: Analysis Diagram of the ITH Drill String 

velocity, air pressure, cross sectional area of the hammer casing and the piston [12] . 

It is known from the current field studies, however, that the main source of the drill 

string vibration is the force generated by the action of the piston. It can be defined 

as an harmonie force for the purpose of the deri vation of the mathematical equations. 

The bit displaeement, whieh is the remaining boundary condition, is defined by (see 

Figure 5.I(a» 

where 

ZI(O, t) = Zo sin(wot) 

ZI = longitudinal displacement of the bit 

Zo = amplitude of bit displacement 

Wo = frequency of bit displacement 
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Each type of drill system vibration (longitudinal, torsiollal and lateral) is ag­

sumed to be independent of the other two. The fUlIctions developcd ollly in tcnus 

of longitudinal parameters, however, can be used for an analysis of the drill string 

torsion al vibration problems simply by changing the symbols of the fuuctions. The 

friction between the drill string, the case and the wall of the hole are approximalcd a.s 

viscous friction. The damping in the shock absorber is also considercd to be viscous. 

5.2 Boundary Conditions 

In order to calculate the natural frequencies of the drill string, the boundal'Y con­

ditions at the ends of the string must be known when the frcquency fUIlct.ions arc 

derived. Due to the complex structure of the drill system, however, sOllle botlllclary 

conditions can only be chosen through an analysis of the data measUl'ccl from act.ual 

experiments conducted while drill::lg. Therefore, it is necessary to malw sorne iuil,ial 

assumptions to choose these boundary conditions. 

Because there are many differences between the tricone rotary and pereullsi ve 

drill systems, both are defined by a different set of boundary conditions. In rnany 

papers dealing with the vibrations of rotary drills, the boUom end of tlte bounda.ry 

condition of the drill string was specified as a fixed end. This is the rcsult of the /'Ock 

breakage mechanism of a tricone rock bit, where the up-and-down motion of the bit 

due to the rolling of the teeth (generally speaking 1.5 cm or less ) was ncgledcd. 

For the percussive drill system, the main cutting action is the a.xial impact. of 

the bit. The bit moves up-and-down and rebounds under the impact of the hamrner 

where relatively speaking, this motion i8 quite large. This means tha.t the botiom 

end of the drill string (and the bottom end of the hammer case) moves Iike a free end 

of a beam as shown in figure 5.1 (a). Therefore, the bottom end of t.hc hamm(!r case 

can be considered as a free end with an exciting force. In one set-up, the structure 

of the drill string and the hammer case are connected by a shock absorber. The 

exciting force acting on the bottom end of the case is also considered part of the 

,;~ 
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boundary conditions. The boundary conditions of the bot tom end of the drill string, 

and hammer case and the top end of the hammer are, therefore, (refer to Figure 5.1 

(a)) 

and 

where 

Zt(L ll t) = z2(L2, t) 

8z1 ÔZ2 

AlEt ôx(L.) = A2E2 ôx(L2) 

Zt(O,t) = zosin(wt) 

(5.1) 

(5.2) 

(5.3) 

Zt(Lt, t) = longitudinal displacement of the top end of the case 

z2(L2, t) = longitudinal displacement of the bottom end of the string 

Zl(O, t) = longitudinal displacement of the bit 

Assuming the feed cylinder exerts a load on the top of the drill string and the feed 

force is much larger than the force associated with string stress, the displacement 

of the top of string can be estimated to be equal to zero. This means that it is 

possible to assume the boundary condition at the top end of the string to be fixed­

end. (Relatively speaking, from the data obtained from measurements of field tests 

of CD-90B ITH drill, the displacement of the drill head was much less than that of 

drill bit. Refer to chapter 7.) From this assumption, the boundary condition at the 

top end of the string can be expressed as (see figure 5.1(a» 

(5.4) 

Where 

z2(L, t) = longitudinal displacement of the top of the string 
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5.3 Natural Frequency 

After the boundary conditions have been selected, the natural frcqucncics of thc 

drill system can he defined from the frequency functions. As a continllOUS syst.cm, 

the drill string has infini te natura! frequencies. Only a few of the lower frequ~ncics, 

however, are of interest because the longitudinal resonance occurs in this rcgion. The 

first to fifth natura! frequencies will be selected for undertaking a modc ana.lysis of 

the drill string. 

5.4 Solution of Drill System Functions 

Since continuous systems are different from a lumped syst.em, thc dcl'Ïvatioll of 

the frequency or wave functions is more difficult, especially in the casc of il. fOl'œ­

excitation system. For an uniform and fixed-free long :;tring, applying the eoncept 

of equilihrium to a section of drill string (figure 5.1(b», and summing the ma.tcl'Ïnl 

stresses, viscous friction forces and inertiai forces, the wave fundion can be derived 

as, 
82z 8z 82z 

AE 8x2 = Cl 8t + P 8t2 
(5.5) 

The solution to equation (5.5) is 

z{x, t) = q{x)éwt (5.6) 

Where substituting the complex equation (5.6) into (5.5) givcs 

8q2(X) 
AE 8x2 + (pw2 - iCIW)q(X) = 0 (.5.7) 

That is 

(S.8) 

Where 
2' 2 

h2 = Pw - ZWCI W .CIW 

AE = ~-ZAE (5.9) 
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The solution to equation (5.8) is 

q(x) = Dsin(hx + d) (5.10) 

and, therefore, the solution to equation (5.5) is 

z(x, t) = D sin(hx + d)eÎ"'t (5.11) 

The solution (5.11) of equation (5.5) can he applied to hoth the string and ham­

mer casing section. By finding D and d, the function z(x, t) can he determined to 

get an overall response of the drill string due to the source of excitation described 

hy equation (5.3). 

For an undamped, fixed-free uniform string, another form of equation (5.11) can 

he derived as, 
w w· t z(x, t) = (A cos -x + B sin -x)e'''' 
c C 

with the boundary conditions 

ft is found that 

and 

z(L, t) = 0, ôZ(O,t) =0 
ôx 

A=O 

wl 
cos(-) = 0 

c 

which is satisfied when 

c 2 
n=1,3,5,··· 

The undamped natural frequencies are then found to he 

n1l'c 
wn=Tl n = 1,3,5,'" 

(5.12) 

(5.13) 

which is the so called frequency function. For the damped, excited, fixed-free 

system as shown in Figure 5.1 (a), the houndary conditions are 

z(O, t) = izoé",t (5.14) 

'-, 
" 
,~ 
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and 

and 

( 
ÔZI 8zL2 [z Lt,t) - z(L2 ,t)] k = AIE ôx = A2E---a;-

Substituting equations (5.14), (5.15), (5.16) into equation (5.11) 

then, 

D 
. Zo 

1 =-1-­
sind. 

d2 = -h2L 

D
2 

= sin(htLl + d.)kDl 

A2Eh2 COS(h2L2 + d2 ) + sin(h2 L2 + d2)k 

52 

(5.15) 

(5.16) 

respectively, 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

In order to calculate the relative magnitude of the displacements or stresses of 

each section of the string, it is necessary to solve equation (5.11) by choosing sorne 

natural frequencies, determining the boundary conditions and Dt, D2' dl, d2 , and 

starting at one end of the drill string. For each mode of interest, the procedure can 

be repeated to determine the solutions. 

It is apparent that the numerical calculations are very tedious if data for many 

different sections of the drill string are needed. Several programs have been dcvclopcd 

by the author to solve the functions with the use of a computer. 

5.5 The Complex Boundary Condition 

In the previous section, several different boundary conditions of the drill string havc 

been discussed such as fixed-free (top end of string fixed and bottom end of string 

free) and free-fixed. The wave function and frequency function of the systcm werc 

derived based on the typical fixed-free boundary condition of the drill string (Figure 

5.2). As mentioned in the previous section, the adual drill system and subsequent 

simplification of the system are the primary reasons for choosing this boundary 
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x 
r3 

..J 

K1 

o 
UCO) 

Figure 5.2: Complex Diagram of the ITH Drill with the Surface Equipment Included 

condition. Another more complex boundary condition of the drilling system will 

also be considered here in order to achieve more acceptable results from calculations 

using the analysis model for the actual working conditions of drilling. 

When also considering the surface equipment of the ITH drilling system, this 

component can be described as being composed of a spring-damping element and 

a lumped mass conneded directly to the top end of the drill string, see figure 5.2. 

Since in reality, there are displacements at the top end of the drill string and on 

the drill head, it is appropriate to choose this boundary condition to simulate the 

drilling system. The boundary condition of the bot tom end of the drilling system 

is still considered, however, as a free end. As a result of this approach, only the 

boundary condition of the top end of the drill string will be investigated in the 

Collowing analysis . 
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5.6 Solution to the Boundary Condition 

The solution for the damped-forced continuous system is (reCer to equation (5.11)) 

z(x, t) = D sin(hx + d)eiwt (5.21) 

At x = L, applying the concept of equilibrium to the mass M, we get 

(L t)k M ô2z(L, t) A Eôz(L, t) 8z(L, t) - 0 
z , 2 + 9 ôt2 + 2 ôx + r3 at - (5.22) 

where 

k2 = spring rate of the surface equipment 

r3 = damping ratio of the surface equipment 

z(L, t) = displacement of the top end of the string 

Substituting equation (5.21) ioto equation (5.22) gives 

k2 sin(h2L + d2 ) - mw
2 sin(h2L + d2 ) + A2Eh2 cos(h2L + d2 ) + iwr3 sin(h2 L + d2 ) = 0 

(5.23) 

That is 

(5.24) 

where Dt, D2' dl are described by equations (5.17) (5.19) (5.20) respcctively. 

L ; 
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Chapter 6 

Model SiRlulation and Analysis 

6.1 Objectives 

In chapter 5, the mathematical models of the ITH percussive drill system for both 

lumped mass and continuous systems have been defined based on the theory of 

vibration. Several sets of boundary conditions have also been analyzed for different 

drill system models. Since the research described in this thesis form parts of a project 

on developing automatic control for an ITH percussive drill, the mathematical models 

will be a component of the control simulator while also providing the necessary tools 

to analyze the drill system vibration responses. Therefore, it becomes necessary to 

simulate mathematical models by using the actual characteristics of the CD-90B 

ITH drill. Comparison of the simulation responses with the real data measured from 

field testing of CD-90B ITH drill will be means by which the models are modified 

and to adjust some of the constants in the mathematical functions. Furthermore, 

an analysis of the simulation results reveal some of the vibration characteristics of 

the ITH percussive drill system, especially in light of its ability to dampen and thus 

detcrmine an appropriate spring rate for a shock absorber to absorb or/and isolate 

the vibration from transferring to drill string. Another goal of the simulation was to 

study the vibration responses such as acceleration, velocity and displacement versus 

~ u' 
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time, along the drill string and the frequencies. 

Considering the complexity of the vibrations for an ITH percussive drill, either 

the lumped model and continuous system model will he simulated to study both 

short and long rod vibration responses. Several sets of houndary conditions for the 

continuous system of the ITH drill also need to he vatidated. On the other hand, it 

becomes convenient for the mode analysis to use sorne results of the simulation of 

the continuous system. 

6.2 Statement of Simulations 

6.2.1 The excitation forces 

The excitation forces were assumed as either the harmonie or impulse input. In ot-der 

to undertake a mode analysis of the continuous system,! harmonic forces will be used 

as the input of the drill system in the simulation of the continuous system. IJow­

ever, the simulation of the lurnped mass model and continuous system for diffcrent 

boundary conditions will be undertaken using the impulse input as the excitation 

forces of the drill system. 

6.2.2 The responses of the simulation 

Since ail of the vibration data measured from field testing of the CD-90B ITII pcr­

eussive drill was acquired using accelerometers, the main output of the simulation 

will also be acceleration data for easy comparison to the real data. Vclocity, displace­

ment and stress along the drill string cau al80 he easily ohtained from the acceleration 

data hy a mathematical calculation. For the lumped mass model, the damping ratio 

will he recovered as the results of the simulation through the use of one set of real 

vibration data. 

IThe Corees acting on the drill bit will be confirmed as impulse input in ehaptcr 7 . 

, . 
- ~~ 
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6.2.3 The boundary condition 

Several sets of boundary conditions, such as Fixed-Fixed and Free-fixed, will be 

chosen to run the simulations. 

6.2.4 The damping 

The damping of the ITH percussive da.mping will still be assumed as viscous damping 

due to the lack of the data to evaluate the constant factor of the friction damping.2 

6.2.5 The system characteristics and the data 

The data chosen to run the lumped model simulation is STG06A (Shock absorber 

Test rod 6, rod length was equal to 4.6 meter or 15 feet).3 for the reason that it 

was obtained using a short rod drilling case. The following data was derived from 

actual field tests at INCO's Little Stobie Mine of a CMS CD-90B ITH production 

drill with a shock absorber and input into the computer simulation program: (refer 

to figure 5.1) 

Al = 160 cm2 

LI = 9.6 m 

Dh = 203.2 mm 

Din = 155.58 mm 

c = 50038 mIs (for steel) 

E = 104 kgf cm2 or 98 GPa 

Wn = n1rc/21 radIs n = 1,3,5'" 

A2 = 23.8 cm2 

L2 = 10.67 m 

D" = 144.78 mm 

Dout = 165.1 mm 

k = 4.9 X 107 N/m 

2However, there islittle difference with viscous and friction damping for the vibration responses 
when the length of the drill string is relatively short, Le. as for the lumped mass model 

3When the rod length is relatively short, the drill string can be defined as a lumped mass system 
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6.3 Simulation of Multiple-Degree-of-Freedom Model 

As mentioned in chapter 5, for an single-degree-of-freedom-system, equatioll (5.3) 

represented the differential equation of the drill string. For a fOl'ced-mult,iplc-degree­

of-freedom (forced-discrete-lumped-mass 4) vibration systcm, this cquation should 

be: 

[ml [x] + [cl [x] + [k] [x] = [F] (6.1 ) 

where the matrix m, c and k are the mass matrix, damping matrix and sWfness 

matrix respectively and F is the excitation force acting at the bot tom end of the 

drill string. 

6.3.1 Identification of the damping of the shock absorber 

In general, discrete and lumped-mass systems have fini te numbers of degrecs of fl'cc­

dom. For this simulation, considering a relatively short drill string, four dcgrces of 

freedom were used. The general form of the matrix equation for such four-degree-of­

freedom vibration systems when subjected to an excitation force F is 

mu'" ml4 Xl Cn ••• Cl4 Xl ku ••• kt4 Xl F' 

m21'" m24 X2 Cu ••• C24 3:2 k21 ••. k 24 X2 0 
+ + -

mal'" ma4 xa C31 ••. C34 X3 k3t ••• ka4 X3 0 

m.u·· ·m44 X4 Cn ••• C44 3:4 k4t ••. k44 X4 0 
(6.2) 

The main damping cornes from the friction between the drill string and bore hole 

wall and that in the shock absorber. The stiffness of the system, exccpt that of 

4A discrete system is one in which the inertial, elastic, and damping propertics are ail clcarly 
dcscribed by distinct mass, springs, and damping mechanisms, respectively. Whcn the distributcd 
properties of the drill rod are discretized by modeling them as systems composed of lumpcd mass, 
lumped elastic elements, and modal damping, such systems are generally rcCerred to as lumpcd­
mass systems or lumped-parameter systems. These discrete system should not be conCuscd with 
discrete-time systems, for which the variables are determined at distinct instants of timc, and which 
are described by difference equatioDs rather than by differential equatioDs.[14] 

- ~ 



• 

• 

• 

Chapter 6. Model Simulation and Analysis 59 

the shock absorber, depend on the length of drill string chosen for every clegree of 

frccdom, the cross-section al area of the drill string and what the material composition 

of the drill string. The numerical impulse input was defined at the bottom end of 

the drill string as the excitation force. It is apparent that the major effort for this 

simulation is the definition of the mass, damping and stiffness matrices. There are 

different types for such matrixes with different boundary conditions of the drilling 

system. The boundary condition used in the simulation is Fixed-Free. 

This simulation is aimed mainly at finding the damping of the shock absorber, in 

which the field test measurements (Data STG06A) have been used as the output of 

the system. Since the original signal was acceleration, the velocity and displacement 

are the results of the double integral or single integral of the acceleration data. Figure 

6.1 is a plot of the simulation which shows the relationship between the vibration 

outputs and the damping of the drilling system. 

Acœleration 

2S~~ .. .. .... ';Ir •••• 

l o~''''T-'''''''' : ........... ~ ............. ~ .. . 
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Figure 6.1: ResuIt of the Simulation of the Multiple-Degree-of-Freedom Model 
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6.3.2 Simulation with Harmonie Excitation Force for Modal 

Analysis 

Modal analysis basically involves the uncoupling of differential equations of mot.lvn 

:l.S a müans of obtaining independent equations to facilitate the rcsponsc analysis 

of multii>le-degree-of-freedom and continuous systems. The indcpendcnt cquations 

that resul~ from the decoupling process are expressed in terms of coordinatcs that 

are referred to as principal coordinates, and in terms of normal-mode parametcl's 

that include the natural frequencies and modal-damping propertics of the system. 

In this process there is one independent equation for each normal (natural) mode of 

vibration, and it can he solved as if it were the equation of a single-dcgrce-of-fl'cedom 

system. The system response is then obtained hy superposition of the rcsponses of 

the individual normal modes.5 

In order to do modal analysis of the multiple-degree-of-freedom, the harmonie 

excitation forces acting on the hottom end of the hammer casing wcre assumed as 

the input of the drilling system. Since the lower frequency responses of the vibration 

are more important for the analysis of the system, the second to fifth normalized 

models of the drill string as shown in figure 6.3 to figure 6.7. 

'For the continuous system, with the same principle, the modal analysis also plays an important 
role in studying vibration and the forced vibration of continuous systems charaderized by Il wllve 
function (800 chapter 5 for details) and can be analyzed by means of the superposition of the normal 
modes as weIl. The general procedure consists of assuming a solution of the form (see cquntioll 5.6) 

00 

z = E qirPi 
i=1,2,· .. 

in which qi is a normal-mode function that is a function of the spatial coordinate :Il nnd tPi is 
a generalized coordinate that is a function of time. The normal-mode function for a particular 
problem is determined from the pertinent boundary conditions, while the gcneralized coordinate is 
ohtained from the solution of a second order dilferential equation . 

l 
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Figure 6.2: Normalized Model of Drill String; Top Left: Second Model, Top Right: 
Third Model, Bottom Left: Fourth Model, Bottom Right: Fifth Model 
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6.4 Simulation of Continuous System with Iln­

pulse Excitation Force 

In the following simulation of the continuous system of the ITH drill, two sets of 

boundary conditions were used and the impulse force was defincd as the input of the 

continuous system. The results were concentrated on determining thc vibration l'C­

sponses for both sets versus the length of the drill rod and time at differcnt boundary 

conditions based on the funetions derived in chapter 5. 

The actual forces causing the hammer casing and the drill string vibrations arc 

periodic rather than harmonic, which will be verified Iater on in chapter 7. The rc­

sulting vibrations of the string are, t.herefore, characterized by the prescnce of sevcral 

frequencies and periodic motions. In the analysis of the percussive drill vibrations, 

the periodic vibrations of the system can be described by wavcforms containing 

a combination of sines and/or cosines having fundamental and other frequencics 

through the use of an FFT (Fast Fourier Transform). It is also a basic concept to 

analyze the responses of the system measured while drilling. 

According to the results from field tests with an ITH drill [10], the main force 

causing the hammer casing to vibrate, assuming a tinear rcsponsc, can be simply 

expressed by 

(6.3) 

where 

Ac = Constant related to the cross section al area of the casing and pist.on 

Av = Constant related to the cross sectionaI area of bit and piston, density of matc­

rial, velocity of sound, and final velocity of piston 

krb = Constant related to rock propcrty and bit condition 

t = Time 
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Then by use of an FFT, the excitation force has the form 

where, 

and, 

where, 

T = period 

a 00 00 

Jet) = 2° + E an cos(nwt) + E bn sin(nwt) 
n=1 n=1 

W II. 
an = -; J::-: Jet) cos(nwt)dt 

2 

n = 0,1,2,'" 

bn = ; 1: Jet) sin(nwt)dt 
2 

n=O,1,2,··· 

w = 21r/r r = 21p 

lp = length of piston 

63 

(6.4) 

(6.5) 

(6.6) 

Therefore, it becomes very convenient for the simulations of ITH drill string vi­

bration with numerical input of the excitation force (periodic forces). Two 3-D plots 

in figure 6.8 and figure 6.9 are the results of the two continuous system simulations, 

for the simple boundary condition and the complex boundary conditions (see figure 

5.1 and figure 5.2 respectively), derived from simulation computer programs written 

by the author on the commercial software MATLAB. 

6.5 Discussion of Results of the Simulations 

6.5.1 Multiple-Degree-of-Freedom Model 

• Validation of the MD OF Model 

The result of the simulation of the MD OF (Multiple-Degree-of-Freedom or Forced­

Discrete-Lumped-Mass) model was represented by figure 6.1. The main purpose of 
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the simulation is to validate the MDOF model in describing the 11.'11 drill system, 

especially for the short rod case. When the input of the drill system was assumed 

as impulse force and the system characteristics and responses, such as clastic cle­

ments, acceleration, velocity, and displacement were taken from the field t.ests, tilt! 

damping ratio of the drill system can be found to be related to the syRtem responses. 

For example, from figure 6.1, the minimum or maximum points for the accderatioll 

and the displacement at the top end of the drill string is almost always al. the same 

points where sharp changes in the damping ratio were found (about 0.2 peak-t.o-peak 

changes). It was then confirmed that the damping of the drill system duc to the fric­

tion between the drill rod and hole wall, dynamic responses of the shock absorb and 

variation in the geology can isolate or absorber the vibration from bcing trallsferrcd 

up the drill string. What should be noted is that this simulation of the MDOF 

model is only for the short rod case and the field test data used in the simulatioll 

was measured when drilling with a short string length. With the short rod, thcre il! 

less friction between the drill rod and hole wall, lower Coulomb friction, less reflec­

tion waves by the joints of the drill string and fewer additional disturbanccs to the 

drill system. 
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Figure 6.3: Phase Angle 
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• Modal Analysis 

The modal analysis is important in obtaining the forced-damped vibration re­

sponses of the drilling system by using the normal-mode function. The determina­

tion of the natural frequencies and normal-mode function depends on the boundary 

conditions of the system. For the percussive drill system investigated here, it is 

possible to have two choices for the boundary conditions of the system. 

First, if the up-and-down and bouncing motion of the bit is considered to be 

sm aller compared to the displacement of the string vibra,tion, the bit end of the 

system can be assumed as fixed end. This means that the system is a fixed-fixed 

condition. The frequency equation then becomes, 

W n = n1C'cjl n=1,2,3,··· radIs 

where, 1 = the length of the drill string 

A different normal-mode shape then results. From the above function, it is ap­

parent that the system has a higher fundamental natural frequency. 

A second case is when the bit end is fixed and top end of the string is free 

is assumed. Even though it has a complex structure at the top end of the string 

and thus more complex boundary conditions, there is little difference in the natural 

frequencies and opposite normal-mode shape. But the responses of any point in the 

system will be different, especially at each ends. 

Figures 6.2 shows the normal-mode shapes of the drill string for the Fixed-Free 

boundary condition. Generally speaking, the modal analysis gives graphical results 

of the characteristics of the vibration at a certain boundary condition. For example, 

according to the foul'th mode shape (normalized) in figure 6.2, the drill string obtains 

a maximum longitudinal stretch displacement amplitude at 17.8 m and at the bot tom 

end, and maximum longitudinal compression amplitude at 8.9 m, and 26.7 m from 
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the bit on the Fixed-Free boundary condition. Figure 6.3 is a plot of the phase angle 

along the drill string while it vibrates. The instantaneous displacemel1t and dYllamic 

stresses for each point of the drill string can be calculated using the phase angle. 

6.5.2 Continuous System 

The simulation of the continuous system reveals the variant relationshi ps of the 

vibration responses between the system frequencies, damping, and spring rate along 

the drill string and time under two boundary conditions. The amplitude variation oC 

the longitudinal vibrations at different spring rates or damping ratios and vibration 

responses versus time or length of the drill string are represented by the 2-D or 3-D 

plots of the simulation results (figure 6.4-6.10). 

Figures 6.3, 6.4 and 6.6 indicate how the shock absorber works in the drill system. 

The shock absorber plays an important role in reducing the vibration and strcss of 

the drill string induced by the excitation force. Two curves in each oC thesc plots 

indicate that the responses correspond to different damping or spring rates of the 

shock absorber -under certain drilling conditions. 

In figure 6.3 it can be found at one point of the drill string (x = 12.5 m), with 

the maximum longitudinal vibration amplitude ratio versus the frequency and fixed 

spring rate of the shock absorber that the shock absorber can absorb large a arnount 

of energy from the hammer casing vibration which otherwise would be transmitted 

to the string. Especially, the shock absorber has the maximum effect when the string 

is in a resonance situation. The solid Hne in this plot represents the case of small 

damping in either the drill string (rt = r2 = 0.2) or the shock absorber. The dashed 

line represents the case of the smaU damping along the drill string and large damping 

in shock absorber (rt = 0.8, r2 = 0.2). For most shocks used in mining industry, 

however, the damping of the drilling system cornes mainly from friction betwccn the 

drill string and hole wall rather than the spring elements in the shock absorber which 

are responsible in isolating or absorbing vibration. 

- -- -~"-'~ 
-' 
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Figure 6.4 shows more detailed results about how vibration is isolated by the 

action of the spring of the shock absorber. This mechanical spring is designed to act 

only in an axial direction. The sotid tine is with the stiffer spring (70,000,000 N/m), 

while the dashed tine is for the softer spring (k = 49,000,000 N/m). The responses 

of the drill string vibration were obtained for constant at damping ratios and at the 

point of the drill string for x = 12.5 m. It is apparent that the softer spring is mo~e 

effective in isolating vibrations to the string than the stiffer one. However, when the 

drilling system is in resonance, damage to the drill due to the vibration can not be 

avoided only by the spring elements of the shock absorber. 

The effect of the natural string frequency on maximum amplitude of longitudinal 

dis placement is also more conveniently displayed by figure 6.3 and figure 6.4. These 

plots indicate that the severe axial resonance of the string occurs at lower natural 

frequencies. By comparing the two plots, it can be shown that when the system is 

within resonant frequencies, the longitudinal vibration is mainly reduced by damping 

of the shock absorber rather than its spring elements. Figure 6.5 shows how the stress 

of the string is affected by the use of the shock absorber and how it changes along 

the string at certain drill conditions. 
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Figure 6.4: Maximum Vibration Amplitude Ratio with Different Damping Ratio 
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The two curves in figures 6.6 and 6.7 are typical acceleration and velocity re­

sponses of a particular point (x = 12.7 m) of the drill string at a certain frequency. 

By double or single differentiation of the equation, it is easy to derive the solution 

for acceleration and velocity for any point of the drill string at a particular frequency 

(see also figure 6.1.). 

Figures 6.8 and figure 6.9 are 3-D plots of the results of the simulations for two 

different sets boundary conditions. The equations in chapter 5 indicated that the 

natural frequency of the system is related to the material and length of the drill 

string. Since the string is made of steel, its natural frequency is only a function of its 

length. With an increase in string length, as shown in the 3-D plots, the fundamental 

frequency will be lower. It also can be found from the plots, that since the length of 

the hammer casing is relatively short, its fun dament al frequency tends to be higher. 

This means that the hammer casing can be treated as a lumped mass element rather 

than a discrete one. It should be noted that for figure 6.8, the fixed-free boundary 

condition has been used for the simulation so that the amplitude of vibration at the 

upper end of the string tends to be zero. While for figure 6.9, the amplitude of the 

longitudinal vibration either at the top or bot tom end of the drill string will not be 

zero since the complex boundary condition was used in the simulation (see figure 

6.2). The input of the vibrating system in the simulation are series impulse signaIs 

generated through the MATLAB program . 
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Figure 6.9: 3-D Plot for the Simulation Results 
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w 

Figure 6.10: 3-D Plot for the Simulation Results for the Complex Boundary Condi­
tion 
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Chapter 7 

System Identification and 

Spectral Analysis 

Theoretical studies of longitudinal drill string vibration, including mass lumped, 

mass discrete and continuous system vibration, had been previously discussed in 

chapter 5 and 6. In this section, system identification and spectral analysis rnethods 

will be applied to the vibration data and other variables measured from a CD-90ll 

ITH drill measured white drilling. It is also an objective of this chapter to determine 

the true relationship between the string vibration and other drilling variables suell as 

feed force, torque and the damping of the drilling system. In addition, the cfficiellcy 

of the shock absorber used during the drilling will be evaluatcd towards providing 

information to improve the performance of shock absorber. 

7.1 The Drilling System 

As discussed in chapter 3, to obtain the vibration responses of the ITH CD-90B drill, 

appropriate sensors and transducers were placed on the drill head and/or on the last 

drill rod (by use of the test rig and telemetry system). According to this mca.~urement 

method and for the purpose of further research work, the drilling system can he 

divided into two sub-systems as shown in figure 7.1. System 1 includcs the drill 

~ 1 
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bit to the midpoint of the last rod (at this point, the test rig was installed) while 

system II is from the midpoint to the drill head. The plant includes the drill string, 

the hammer, shock absorber, drill bit, the vibration sensor and the data acquisition 

hardware. The impact force acting on the hammer case is considered as the input 

to system 1. 

It was assumed that the input to system 1 are series impulse forces (the exact 

type of measured input signal is not known exactly but will be vatidated at a later 

time). Another assumption is that the drill rod is a uniform shaft without any joints. 

Actually, the numerous joints along a drill string will result in the generation of high 

frequency signais (reflected waves) and phase shifts on the drill rod. If the length of 

the rod is relatively short and the joints match weIl, the high frequency signal can 

be neglected or filtered out when the signal processing is undertaken. The results of 

the spectrum analysis will illustrate this aspect later on. 

The data measured from underground field tests of a CD-90B ITH percussive 

drill consists of two sets of signaIs. One is from the sensors placed on the drill 

head and another cornes from the sensors located on the midpoint of the last rod 

by usillg the telemetry system. These signaIs are considered to be outputs and/or 
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inputs to system 1 and/or system II. Each set of data is divided iuto two groups, 

one for system identification and another for the validation, to improve the aecuracy 

of the identifications. AIl of the initial conditions of the system are assumed to be 

zero when A/D (Analog to Digital conversion) transformations are pcrformed. The 

sampling interval is 0.001 second and the Nyquist frequeney is 500 Hz when dealing 

with the vibration data. 

7.2 Identification of the System 

System identification deals with the problem of building or validating mathcmatical 

modes of dynamic systems based on observed data from the system. For a lillCél.r 

and time-invariant system, the generalized model structure is 

B(q) C(q) 
A(q)y(t) = F(q) u(t) + D(q) e(t) (7.1 ) 

where A(q), B( q), C(q), D(q) and F(q) are polynomials, y(t) is output of the syst.em, 

u(t) is input of the system, and e(t) is the disturbance. 

Which polynomials will be used depends on what type of modcl choscn as shown 

in Table 7.1. In this section, ARX (Autoregressive), ARMAX (Moving Avemge) 

and BJ (Box-Jenkins) models will be used for system identification of system II. 

The reasons for using ARX, ARMAX, and BJ models are (1) sinee it is not known 

exaetly what is the kind of input to system l, fini te impulse forces are assurned, (2) 

a comparison of several models is made to determine the effect of the disturbancc of 

the system and (3) to obtain a best model to describe the identified system eithcr at 

lowor high frequency regions for the dynamie and spectrum analysis . 

. ; 
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Table 7.1 Polynomials U sed In the Models 

Models Polynomials 

ARX A,B 

ARMAX A,B,C 

BJ B,C,D,F 

7.2.1 The ARX, ARMAX and BJ Models 

In this section, the results of identifications obtained using several models such as the 

AR, ARX, ARMAX and BJ are discussed. Which model should be chosen depends 

on what signaIs will be processed and what system is to be identified. By comparing 

the simulated signal with the original output of the system and the Akaike's FPE 

(Final Prediction Error), the best fitting model will be more capable of describing 

the real system. Figure 7.2 (a) and (b) are original outputs and inputs of system 

1 respectively. These signaIs were converted using an A/D transformation of 1 kHz 

and 1 ms sarnpling interval. Figure 7.2 (c) and (d) are spectrurns of the input and 

output signal. It is noted that the input has very little relative energy above 127 rad 

while the output has considerable energy at sorne frequencies. Therefore, there must 

be sorne high frequency disturbances to the system. This also irnplies that the ARX 

model which ignores the disturbance to the system, will not be suit able to describe 

the real system. Because the impact hetween the piston and hammer is considered as 

the main source of the string vibration, these high frequency disturbances probably 

originate frorn the reflecting waves caused hy both the impact between the drill bit 

and rock and the piston and the drill hammer. Figures 7.2 (c) and (d) also indicate 

that the original high frequency behaviour is uncertain. 

Figure 7.3 is a plot cornparing the original output signal with the simulation 

rcsults. It can be Iloted that from this plot, there are difficulties when dealing with 

the high frequency components of the output. To get a true system, the data should 

he filtered to compress the data by a factor of four (i.e. Low-pass fllter and pick 
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every fourth value). Figure 7.4 is a second plot of the ARX model using thc filtcl'cd 

data where the results are much improved. 

Figure 7.5 is an another plot for the BJ model, and indicates that this modcl 

shows good agreement with agree with the real system. Figure 7.6 shows the results 

when the ARMAX model is also compared to the real system. Note the solid linc for 

the simulated signal and dotted line for the original signal in this figure. 'l'he LOBS 

Function and Akaike's FPE are shawn as in Table 7.2. 

Table 7.2 Loss Function and FPE for Models 

Models Los8 Function Akaike'8 FPE 

ARX1 0.3559 0.3741 

ARX2 0.0609 0.0634 

ARMAX 0.0509 0.0534 

BJ 0.0384 0.0407 

In summary, due ta considerable high frequency disturbanccs that result from 

reflected wave impacts of the drill bit and rock and the joints of the drill rod, the 

original signaIs have ta be pre-compressed through filtcring. It is then possible to 

build simple models that are capable of reproducing the validation set rcasollahly 

weIl. The BJ or ARMAX models can represent the real system beUer than the A ItX 

mode} when dealing with the percussive drill string system due ta the presence of 

such high frequency disturbances. 

7.2.2 The Impulse Responses Models 

As mentioned above, the input of system 1 was considered as a finite impulse force. 

In the identification of system l, a low-pass fllter is used ta filter the high frequency 

elements as a first step of the procedure. What the eut-off frequency is will depend 

on what low frequency region is ta be examined. The third arder model has becn 
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cstimatcd to derive two polynomials. Figure 7.7 is a discrete-time Bode Plot of the 

results of the identification of system 1 using the impulse forces as input. Comparing 

this plot with figure 7.2 (cl), the model shows good agreement with the original 

system. According to the identified model, system 1 can be described as a third 

ordcr discrete system (the sampling time is 0.001 sec). Its transfer function is: 

-0.292 
G( z) = Z3 _ 1.428z2 + 0.187 z + 0.271 (7.2) 

From the transfer function, the estimated damping ratio of system 1 can also be 

obtained, including the system damping and that of the shock absorber, and the 

natural frequency as: 

damping ratio: 0.65 

natural frequency: 158 rad/sec (25 Hz) 

Figure 7.8 compares the two output signaIs of system l, where one is the original 

output and another is the simulation output using the simulated impulse signal as the 

input. This result also confirmed that the assumption regarding the fini te impulse 

input of system 1 is correct. 

7.2.3 Comparison of the Simulated and Original Outputs 

Figures 7.10 and 7.11 demonstrate sorne results from the model simulation. In these 

figures, which compare the outputs, one line indicates the filtered original signal and 

the otller is the output of the simulation. The simulated model was that identified 

using the ARX or AR model with the original output data of the drilling system. 

It is considered, therefore, by analyzing the results of the system identification 

applied to this drilling system, that it is possible to identify or diagnosis the changes 

in the damping of the drill system by using such methods under certain predefined 

conditions . 
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Figure 7.2: System Original Output and Spectrum: a) Original Output at the Drill 
Head; b) Original Output at the Drill Rod; c) Spectrum of Output at the Drill Head; 
cl) Spectrum of Output at the Drill Rod 
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7.3 Vibration Analysis Using System Identifica­

tion Methods 

7.3.1 Spectral Analysis 

In order to diagnose the drill condition or analyze the vibratioll, spect,rum illlalysis is 

a principal tooI. In this section, the focus will be the selection of a suit.able 1lH't.l\(Jd 

to perform a spectrum anaJysis of the vertical vibration of the dl ill strillg. Tht' 

ETFE (Empirical Transfer Function Estimate) method will be tri('c1 filS!., usillp; t.\l<' 

data obtained from the underground exppriments. Figure 7.12, is ,l s{l<,ct.ru11I of tht' 

output from system II where the dominant freqllency componcnts of 19, ,10 illld t)~) 

Hz and their harmonies are clearly seen. The SPA (Standard Spect.r,t1 AII,t1ysis) 

method gives another plot as shown in figure 7.13. This figure shows t.hal will'Il 

the SPA method is used, a very large Hamming window will be Ilc{'d('d t.o i(kllt.iry 

any detail of the harmonie response. This situation indicatcs t.hat t.he St"llIdard 

Spectral Analysis method does not work well for the desircd analysis. Figul't' 7 1,1 is 

a plot comparing several AR models of differcnt order with the ETFE Il\{'t.hod. FI 0111 

this plot, it is seen that the parametrie spcctrum is not capahle of piC'killg IIi> t.IH! 

harmonies beeause the AR models are strongly inOuenced by the higher flt'qll('I1( ies, 

whieh are difficult to model. Therefore, the analysis will concentrat.e on the lower 

harmonies by prefiltering the data at a eut-off frequency 65 Hz which will cncompa:-;s 

the 20, 40, and 60 Hz models. Figure 7.15 illustrates the results from usillg t/w 

filtered data. The threc first peaks werc cleady idcntified while tlte high freqlJ('llcy 

components were ignored. Tf the fourth or firth harmonies ( around 80 alld I~!) Il;1,) 

were of interest, the eut-off frequency should be changcd or anothcr kind of filter wied 

to prefilter the data. Figure 7.16 is a comparison of the spectrum of the original and 

simulation output of system 1. 

In surnmary, after prefiltering the data with low-pass filters, the pararnetric AR 

methods are capable of properly presenting the spectrum for the purposc of dominant 
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frcquency analysis. 

7.3.2 Data Analysis 

In this s('ction., thc vibration analysis will foc us on analyzing the changes in the 

vihration whilc drilling in a attcmpt to define the relationship between the damping 

ratio and the fccd force and torque. This analysis will be undertaken for both the 

vertical and lateral vibrations using system idcl1tincation methods. The data in this 

allalysis was measured during the underground field tests in hole 02 and 04. Frequent 

changes made by the opcrator while drilling can introduce numerous difficulties to 

the syst.em identification process. Therefore, the particular data set was selected due 

to the fad t.hat the fccd force and air pressure remained essen~ially constallt while 

drilling thc holes . 

• Damping Ratio 

It is bclievcd that shock absorber can large1y reduce the amplitude of the vibration 

of an ITII drill, a situation which was theoretIcally studied in a previous chapter. 

Figures 7.l!) and 7.21 show the relationships between the system damping ratio and 

seve raI drilling variables of the drilling conditions. Figures 7.11, 17 and 7.18 also 

indicat.e t.he changes to the drill system equi\"alent damping ratios with and without 

the use of a shock absorber for either the vertical and lateral vibration responses. 

AHhuugh the longitudinal vibrations of the drill system were not reduced by the 

damping clements but by the spring elements of the shock absorber, the equivalent 

damping ratio will still have a variation of about 0.3.1 This is mainly due to the 

frictiollal force betwecn the drill rods and the hole wall and that at the bit-rock 

int.erfa.ce. Changes in the rock properties, bcnding of t.he drill rod and t,he {ecd 

force will cause the variations in the damping ratio. The ability to attcnuate the 

'Thc shock absorber on the CD-90B ITH drill used in the underground field tests was one in 
which t.he main clements for isolating or absorbing the vertical vibration are springs. There is little 
friction forct' in Lhcse springs and thus relatively lower damping ratios 
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vibration through damping is different for the transmission of the vertical and la.teral 

vibration and occurs in a different frequency range as shown in figures 7.lH to 7.2·1. 

On the other hand, the results indicate t!lat the identified modc1s ran dt;scrilw t.ht' 

system with enough sensitivity to account for any changes in the drilling ("(Hldit.ioIlS. 

Therefore, it is possible to identify any changes in the system damping by using 

system identification ml!thods . 

• Feed Force 

In underground mines, drilling hole with high precision at high product.ion ra.t.(·s 

is of utmost importance. 1'0 obtain the smallest deviation and the b('st pend,ra.t.ioll 

rate, an optimum feed force should be applied to the bit in ordcr to maximiJ'.c impad 

energy transÎerence to the rock. It was observcd from the field data that pcnetration 

rate was proportional to the feed force prior~, the latter rcaching an optimulII poillt.. 

When the feed force was excessive, ie., higher than thc optimum level, tJl(' bit. will 

be forced against the rock at aIl times. The bit in an ITII harnrncr is designed 1.0 

rebound after each impact, but if this is not possible the flushing clCdl'éUICC bdwc('11 it 

and the rock becomes restricted. As a result, cuttings are not bcillg properly clea 1 ed 

and thus th':!y build-up at the bit-rock int.erface to attenuatc the impact. elJergy. L('ss 

energy is delivercd to the bit to break rock and, therefore, the penetratioll ra.te ill 

such cases was reduced. 

Vibration on the drill head and within thc drill rods is ~onsidered as ()!Je of maill 

factors to induce hole deviation. Vibration levels of the drill head were se(~11 to 

be inversely proportional to the fecd force as shvwn in figures 7.19 lo 7 .21. Th(~~e 

figures show that the levelof applicd fecd force directly affects the dIillillg vibration 

level. Comparing figure 7.19 with 7.20 (for lIole 02, vertical vibration), figure 7.21 

with 7.22 (for Hole 04, vertical vibration) and figure 7.23 and 7.21 (for lIole 01, 

lateral vibration), it is seen that thc highcr the fccd force, the vcrtical(longitudinal) 

vibration level usually decreases while the latcral vibrations are less affeded. This 
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behaviour explained by the higher feed force resulting in better contact between 

the drill hit and the rock while also stifl'ening the drill string such that it has less 

acecleration whcn a strE':-'s wave passes through. This do es not mean, however, that 

the strain forces generatcd in the rods are also less . 

• Torque 

Thcrc are many fadors that affect the torque developed while drilling, for example 

feed force, air pressure, flow rate, hole depth, rock properties and even the flushing 

conditions at the bit-rock interface. The damping ratio al ways represents the torque 

level, sinee the torque is mainly generated by the force composed of the bit chipping 

action. the friction betwccn the drill rods and hole wall and the friction from ail 

rotating drill components. Figures 7.19 to 7.24 indicate chat when the damping ratio 

increa..'les, the torque increases sharply with the lower vibration responses, especially 

in the case of the vertical vibration responses . 
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7.3.3 Harmonie Responses 

90 

J()4 

The shock absorber plaYR an important role in isolating the transmission of the 

vibration from drill bit ta rod or head. At the measuring point on the drill head, 

t.he vert.ical vibration was effcctivcly rcduccd through the use of the shock absorber, 

cspccially in the case of harmonie responses at lower frequencies (about 22 Hz and 44 

Hz), sec figlll"<' 7.9. Figures 7.17 and 7.18 are harmonie rcsponses of Front-Back and 

Lcfi- Right directions of vibration at the drill head with or without a shock absorber. 

Thesc figures also indicate that the lcvcl of transmission of lateral vibrations ean 

Iloi be l"cduccd effectivcly at both low and high frequencies. This response is due 

\'0 ihe design of the shock n.bsorber, which is eomposed of a series of vertical spring 

clelnent.s. 

""Vith an lIlcreasc 1Il the length of the drill string, the longitudinal vibration 

mcasurcd ai the drill head, illustrated small halmonie responses at lower frequeneies 

of 24 and 48 Hz and high Icvel harmonie responses at 72 Hz. This behaviour is due to 
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the fact that as the length of the drill string incrcases, the rtum»lIIg of t.ht' drill Sy::.tl·lI\, 

as a result of friction between the drill hole and the drill st.ring, will incn·c\.sc Tht' 

vibration at lower frequencics, thercforc, will bc damped by the inCl"eé\,s('<! Jalllping,. 

As the numbcr of the joints increase with ail incrcase in drill string 1('IlV,t,h, th,' 

harmonie responses at the high frequencies will shift to high lcvels dlH' to inC\"(·as(·d 

reflection. 

For the laterai vibrations on the drill string and drill head, the sit\l,üion is l\O!. 

the same as for the longitudinal vibration. When the drill string lH'collH's long('I, 

the possibility of bending the drill strillg incrcases. WIH'n the deviation or b('lIdin1!. 

oecurs, the friction between the drill hole and t.he drill string incrcascs quickly, alld, 

thercfore, the high frequency vibration rcflcction whic\t dcLs on the dl ill St.1 ing will 

decrease. The harmonie rcsponses at lower frequcncics will 1)(' slightly changt'd in 

such situations. Thcse results are shown in figures 7.191,0 7.2t1. 
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Chapter 8 

Conclusion and Further Work 

8.1 Introduction 

With decrcasing priees for ore and dwindling reserves, :t will be necessary for Cana­

dian underground mines to improve current production practices and reduee op­

crating costs to remain competitive. The ad vent and implementation of advanced 

monitoring and control systems on ITH drills will assist in achi,'!ving these goals. 

lIowever, in order to properly design and deveiop these systems so that they meet 

the requircments of underground mining, additional research on drilling vibration 

and deviation mechanisms will be required. The more complex the system electroni­

cally, the more susceptible they will be to the vibration generated from both the ITH 

hammer percussions and when drilling difficult ground. Thus, suitable electronic sys­

tems can only be designcd once the constraints of the environment in which these 

will be operating have bccn correctly determined and specified. The research in 

this thesis is a first attempt towards enabling the specification of design criteria for 

such electronic systems by providing a better understanding of the vibration regime 

surrounding ITH drills in hard rock, underground mines . 



• 

• 

• 

Chapter 8. Conclusion and Further Work lOt 

8.2 Conclusion 

The research described in this thesis constitutes a primary component of wOl'k fol' 

projects initiated by Inco Mines Research involved in the developl11cut of adv<lnCt'd 

control systems for their ITH drills. The major conclusions of t.his l'<'search al'l' 

outlined below: 

8.2.1 Theoretical Studies 

• The vibration responses of ITH percussive drills are completcly diffel'ent froIll t.ho:><, 

of tricone bit drills due to the fact that in the former, the main sources of dnll string 

vibration are frcm the impact of the piston. This differcnce Îs especially promill('nt. 

wh en the frequency responses of the vibrati:>n are cxamined and analyt:t'd. 

• For the statie analysis of the drill string, the lateral forces at the bit are b('lieved 1.0 

be a major cl'tuse of initiating hole deviation while drilling. These for('('s are init.ially 

created, and increase substantially, as bending and buckIing of the drill string OCCIlI'S. 

The feed force should be ne ver exceed a criticallimit as the length of the drill string 

is increased to avoid further steel bcnding and buckling. After the drill st.ring hall 

been unstabilized under thcse conditions and with the lateral vihratiollll which a.d. 

on it, hole deviations will dcvelop. 

• When the length of the drill string is very short, an M DO F model Cétll be llsed 

to simulate the longitudinal vibration of the ITII drill. Under sllch conditions, the 

dl ill string tends to be a lumped mass transfer body, whcrc therc arc srrlilll dm,nges 

in the longitudinal vibration responses along the drill string while drilling . 

• When the drill string is relatively short, the vibration gcneratcd at t.he drill bit will 

be isolated or absorbed by the spring clements in the shock absorher rather thiln he 

damped by either the damping of the shock absorber or due to friction b<:twcen the 



• 

• 

• 

Chapter 8. Conclusion and Further Work 

drill string and hole walls . 

102 

• From the simulation results, the complex boundary condition described in chapter 

5 is considered to be more applicable to the continuous model of the drill string. 

Under the complex houndary condition, there are different vibration responses as 

cornpared to the other boundary conditions discussed, especially at low operating 

frequencies. In high frequency modes, the damping ratio, spring rate and weight 

of the drill head have less effect on the vibration responses as was shown in figure 

6.16, which illustrated the 3-D plot of the rerults from simulation using the complex 

boundary condition. 

8.2.2 Experimental Studies 

• Shock absorbers can greatly reduce the amplitude of the longitudinal vibrations 

gcnerated by ITH percussive drills. Softer springs are more efficient in absorbing 

these vibrat.ions. The damping of the drill system also plays an important role in 

isolating the ,';':>rations generated at the bit rock interface. When the drill system is 

in resonance, the vibrations were absorbed or isolated mainly by the d, ,mping of the 

drill system rather than by the spring elements of the shock absorber. 

The particular shock ab~orber used in these studies was more efficient in isolating 

the longitudinal as opposed to the lateral vibration. This response is due to the fact 

that only vertical spring elements were used in the shock absorber. 

The generated drilling vibration was mainly absorbed by the spring elements in 

the shock absorber rather than through damping. This is due to the shock absorber 

design in which there are only spring elements acting to isolating the vibration trans­

mission. The damping of the drilling system is due to the friction between the drill 

rod and hole wall and also at the bit-rock jnterface. With an increase in the length 

of the drill string, the damping effects increase thus lowering the measured vibration 

amplitude. 
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• The shock absorber can absorb the vibration efficiently at the lower fr('queney range. 

The high frequency responses of the vibration transmittcd from the drill bit to the 

head are mainly attenuated by damping due to the frictional effeds sl1rl'Ounding the 

drill string. 

• The feed force plays an important role in determining the amount of hole d<'viht.ioa 

and the penetration rate by its direct influence on the devclopcd vibrat.ioll 1(~v('1. 

When the feed force was kept in the optimum range, there wel"<' lower vibrat.iolls 

generated thus reduced possibilities for hole deviation and high productioll rat('s. 

These results show that when the proper levcls of fccd force arc us('d, t.he\'(' is ,Ill 

efficient transfer of percussive energy from the hammcr to the bit to break rode As 

conditions at the bit-rock interface change, duc to fccd force or g<'ologi('al variations, 

the percussive energy transfer efficiency will also vary. For cxample, bit boullcillg clue 

to illsufficient feed force will result in increascd energy bcing reHeded baek t.IJl'()\'gh 

the drilling system, ie. high vibrations. Overthrusting will dampcll the perclIssive 

enf;rgy preventing rock from being efficiently broken by t.he bit and th us pl'Ohihit,illg 

drill penetration. It was found that high fccd force: if within t.lw optimum workillg 

range, will decrease the vertical vibration level whilc the lateral vibrations are il~SS 

affected. 

• The torque was mainly induced hy forces composed of the bit chipping action, t.he 

friction hetween the drill !'0ds and hole wall and the friction from ail rotating drill 

components. Thus, torque can he considered proportional to the damping rat.io of 

the drill system . 
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8.3 Primary Contribution 

• Alt.hough the main objective of the static analysis in chapter 3 was the derivation 

of the differential cquations for ITII drill vibration, it also provided results describing 

the bellding and buckling mechanisms of the drill string un der the influence of the 

fced force. The critical feed force and/or length of the drill string were analyzed at 

differcnt boundary conditions to examine their effect on hole deviation due to the 

bending and buckling of the drill string. Furthermore, the analysis of the lateral 

forces which result from the bending of the drill string has contributed to provide a 

beLter lluderstanding of the factors responsible for hole deviation, a phenomenon of 

great conccrn in underground mines . 

• The differentiaJ equations for Multiple-Degree-of-Freedom and Continuous System 

(mass lumped and distributed) describing ITH drill vibration have been derived and 

ana]yzcd for severa] sets of boundary conditions. It is suggested that these differential 

cquations form the basis for more comprehensive theoretical studies and modeling 

of the ITII drill vibration to be conduckd. Solutions for the differential equations 

were also used in the modeling, calculation and simulation of the ITH drill forced­

damped vibrdtion for both the short drill rod (mass lumped) and long drill string 

(mass distributed) cases. The mathematical model derived for the continuous system 

also ellablcd the vibration to be investigated for twC' coordinates (time and length 

along the drill string) simultaneously . 

• Simulations of the longitudinal vibration of ITH drills, based on the MD OF and 

Continuous System mathematical models and actual data for the CD-90B ITH drill, 

were undertaken . These efforts attempted to recover the v;bration characteristics 

of the l'rH drilling system and thus reveal the true responses of the longitudinal 

v;ilration along the drill string in real time and at different frequencies. A modal 

analysis and comparison of different damping ratios and/or spring rates of the ITH 
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drill for the vibration responses were also principal objectives of t.he sinllll.d.iolls. 

Several comprehensive computer programs were developed to run t,hese simlllat.ions . 

• A series of vibration measurements from the underground field t.cst,illg of a Cl)-~)OB 

ITH were selecled for analysis. The latcral and longitudinal vibration rl'SpOllh('S of tht' 

drill string \Vere measured using appropriate sellsars a.nd a telcllIdry syst,1'1Il 1lI0111l!.(,d 

on the drill rod - this effort had never bcfore becn attcmptcd. 'l'h<' vihr at.10IlS or t.he 

drill head were also monitored. Other s(msors Oll the drill perll1ittcd !.Il(' r{'cordillg of 

penetration rate, air pressure, feed force and torque in parallcl ta tll(' vlbrat.io\l data. 

The vibration responses on both the drill head and the drill Ht.ring w('\'(' 1II0\lit.ol(·d 

for conditions with and without a shock absorber installed behind t,)w dl ill Il,1111\111'(, 

The data from these tests were the first attempt ever to he oht.ailH'<! while SII( h a 

drill was actually drilling a hole. Thus, this data set is invaluahlt, in pl oviding illsight. 

into the dynamics of an ITH hammer and how these are affecled by thl~ int.roduct.ion 

of a shock absorber under known geological condit.ions . 

• Experimental studies of ITH drill vibration were complet.cd I.lIrough the use of 

signal processing, spectral analysis and system identification tcchniCJllcH usillg dat.a 

from drilled production holes. Both the longitudinal and lat('ral vihrat.ions of th(' 

ITH drill were examined using eithcr thcir frcquency or harmonie J'('sp0ll:a'. By 

comparing the amplitude of the vibration when drilling with 01' wit.houl. a :-.ho( k 

absorber, the efficiency of this device to isolatc vibration was evalual.c(1 al. diff('I(mt 

frequency ranges and for differcnt types of vibration. Cert?.Ïn ârilling vari.tbl('s ,tIld 

design criteria, such as damping ratio, feecl force, air prCSSIlf(! and tOf<JlI<', W('I'(' also 

investigated in an attempt to detcrmine thcir rclationship with vibration. Th(' J(·sldt.s 

of the vibration data analysis was aimed al, providing results which could be 1l~(!d fol' 

new shock absorber or improvement of current designs whilc also forming the haHiH 

for further research work into drilling vibration . 
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8.4 Recommendation for Further Work 

To meet the needs of the mining industry through the provision of higher production 

rates and lower cost. drilling, the development of automated ITH drills becomes 

more and more important. The main problem with the development of suitable 

automation system is the control of ITH drill vibration. While the shock absorber 

is still considered as one of most efficient tools to attenuate the vibration.1 As 

shown in this research, there has been limited research into both the improvement 

of current shock absorber designs or the development of new devices. Therefore, 

further research work is proposed based on the theoretical and the empirical studies 

in this thesis, to focus on the redesign and development of shock absorbers for ITH 

drills. For example; 

• The data measured from field tests could be analyzed in greater depth to study 

the capability of a shock absorber to attenuate the changing vibration effects on drill 

penetration and drill deviation under variable downhole geological conditions. 

• As indicated in the empirical studies in chapter 7, the lack of damping elements 

in a shock absorber results in poor damping of the vibration, especially when the 

drilling system is in the resonance frequency range. It would be, therefore, important 

to investigate the effect of introducing additional damping elements to the shock 

absorber and examine the ref:'ults to drilling performance and energy dissipation. 

• Since the lateral vibration on the dril1 rod is considered to have an obvious effect 

on ho le deviation, it would be necessary to also investigate how to incorporate a 

lateral vibration damping capability into a new shock absorber design . 

1 adual control of food force and possibly rotation speed would also reduc:e drilling vibration 
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