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Abstract

During underground, long-hole drilling operations, the bending of the drill string and
vibralions in the system exert significant effects on hole deviation and penetration
rates. Little prior research has been conducted in the area of the bending and
vibralions 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
when its length or applied feed force exceeds a particular limitation. Under such
conditions, lateral forces are created by the effect of the bending, thus generating the
hole deviation. The critical length and feed 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 dnll string, a continuous system mathematical model of the drill string has
been developed. Two different boundary conditions have been discussed and applied
through computer simulations.

Mcasurements 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 methods and system

identification techniques. Determining the inter-relationships beltween the drilling
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parameters, for example, feed force, torque, air pressurc and penetration rate, aund
the vibrations in an ITH drilling system is also a principal objective of the thesis.
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 analyses of the vibration data indicate
that a prototype shock absorber effectively reduces the amplitude of the vibrations,
especially the vertical vibrations of the drill string. A mathematical model using
a complex boundary condition has been developed which will be of use in further
research relating to the development of a vibration-based control system for I'TIH
drills. These results will not only be of use for developing a shock absorber for the
CD-90B drill, but more importantly be applicable to future research work on devel-
oping advanced coutrol for these drills. By decreasing the vibration levels acting on
the drill head and rod, the instrumentation for an automated drill can be protected

to ensure maximum life and proper performance during hammer operation.
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Resumé

Dans les mines souterraines a base de métal, le forage des trous de production, en
fonction des contraintes de 1’emplacement et de la trajectoire, est essentiel pour
réussir Pexploitation du minerai. Le résultat de cette phase d’extraction affectera de
fagon significative toutes les opération en aval, du chargement au transport, jusqu’au
breyage et au bocardage.

A cause de la nature méme des foreuses utilisées, du type de minerai & extraire et
de Ia configuration de la mine, la trajectoire des trous peut dévier de fagon importante
par rapport a celle projetée au départ. Ces déviations peuvent entrainer une dilution
substantielle du minerai et une perte de productivité, d’oli 'augmentation possible
des coiits 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 'acier & 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 derniéres, le rendement des
variables et des vibrations a été évalué A partir de '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 I’atténuation ou la transmission des vibrations générées par la foreuse.

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

modéle mathématique de systéme continu capable de décrire son fonctionnement
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dans un milieu bien déterminé. Grace 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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Notation

e A;: cross section area of hainmer casing
® Aj: cross section area of drill string

e c: speed of propagation of longitudinal waves in material
e c;: damping factor

® ¢;: damping factor

e D;: consiant, complex number

e D,: constant, complex number

e d;: constant, complex number

e d,: constant, complex number

o D;,: diameter of inside of drill string

o D,,:: diameter of outside of drill string
e D;: diameter of hole

e D,: diameter of piston

e E: modulus of elasticity

e hy: constant, complex number
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hy: constant, complex number

2: imaginary number

k: spring constant

L: distance from bit to surface

Ly: length of hammer casing

L: distance from bit to the bottom end of drill string
L,: length of piston

m: meter

n: integer number

: function of spatial coordinate z

-~

l: time

: distance from bit to any point of drill string

£}

nN

: longitudinal displacement
z9: amplitude of bit displacement
w: circular frequency

p: mass per unit length of drill string
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Overview of Drilling Mechanics

and Equipment

Production drills are used to create holes in rock materials in open-pit or underground
mines in order to facilitate the removal and exploitation of ore minerals. 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 can be subdivided into top-hammer and ITH
(in-the-hole) methods. There are four main components 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 (b).
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Figure 1.1: Basic Drilling Concepts for (a) Percussive Drill (b) Rotary Drill
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Figure 1.2: Types of drills (a) Rotary Drill (b) I'TH Drill
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In 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 all production drilling is accomplished 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 shown 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.

Typical DTH bit designs.

Roxary drill bit componenss.
(b)

(a)

Figure 1.3: Typical Drill Bits (a) ITH (DTH) Drill Bit (b) Rotation Drill Bit (Tricone
Bit)
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In ITH drilling, the'hammer, which provides the percussive energy tc break rock
follows directly behind the bit rather than remaining mounted on a feed 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 threaced ends. This feature results in ITH drills being able to drill longer and
straighter holes than top hammer drills due to a more efficient, consistent energy
transmission 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 typical ITH percussive drill.

1S dogrees
CD-90 r 7
i e,
LX) f'*.‘ RV 1200
ormn] e > ':K:‘"’ § pohom
..‘:c.:- . oy V, si : 090 0. Yavel
(= = - N -‘1’.1,,/ o, [ mm
]
@ @ ——Iﬂn
(330 mm)

{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 independent 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 feed 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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clean the bottom 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.
All of the working parameters, such as feed force, air pressure and rotation speed
are monitored from 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 thus minimize hole deviation.

Like most mechanical systems, the drill string of an ITH percussive drill, which
acts as a long shaft 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 Statement of the Problem

In bulk underground mining, as is the case at most Inco mines, hole accuiacy is
of utmost importance when drilling production holes of up to 140 m lengths. The
phenomenon of hole deviation dramatically influences the results of the blast and
determines the proper use of the explosive, redrilling requirements, size of the broken
rock material, ore dilution and stability of the surrounding work areas.

There are many factors surrounding the drilling process whicl cause or influence
hole deviation. These include initial set-up errors, variation in the geology and ex-
cessive feed force thus contributing to the bending 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 a response of the system when the design load for this component is surpassed.
As the hoic gets deeper, the drill string will eventually become unstabilized and be-
gin to bend under the effect of the applied feed force, thus causing hole deviation

to occur. 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 the nature
of the rock breaking mechanisms of percussive hammers. These become even more
complex according to such factors as drill machine design, including uphole (carricr)
and downhole (hammer, bit, steel and shock absorber designs) assemblics, hole ge-
ometries (diameter, length and inclination) and geological propertics (structure and
rock types).

Under certain conditions, drill string vibrations have a detrimental effect on the
equipment (accelerated steel and bit wear), the penetration rate and even the hole
stability [1]. All of these factors will increase the total time and cost spent on
the drilling operation. The mechanical energy lost to drill string vibrations thereby
reduces the amount of energy available at the bit to break rock. The generated vibra-
tions can also lead to premature failure of some shock sensitive sensors and clectronic
components in advanced drilling systems with monitoring and/or control capabili-
ties. Furthermore, when the drill string is excited at one of its natural frequencics
(ascuming it has several frequencies), resonance could be expected to occur.

A way to reduce vibration in the drill string is to place a shock absorber dircctly
behind the hammer piston. The purpose of using a shock absorber is to both reduce
the vibration generated by the piston and the amplitudes of vibrations transmitted to
the drill string. Currently, commercially available shock absorbers do not cfficiently
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 applications

have yet to be developed.
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1.3 Objective and Methodology

Theoretically, 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
necessary in this research to undertake a static analysis of the drill string in order
to better understand its behaviour. This approach is a fundamental component
in understanding both the vibration characteristics of the ITH drill string and the
phenomenon 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 percussive 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 signals obtained during the field tests.

Underground field trials at the Little Stobie Mine, Sudbury, Ontario, were con-
ducted as part of the thesis work using a fully instrumented CD90B ITH drill during
the period 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
m 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 were fixed on
the drill head. The signals from the FM receiver and the fixed-on-drill-head sen-
sors were then demodulated into a voltage, passed through the signal conditioning
module and recorded by a 16 channel DAT (Digital Audio Tape) recorder. Using
this set-up, tests were conducted with and without a shock absorber to examine
the effects on the transmitted vibrations through the drill string. In order that the
vibration data could be properly analyzed, the influence of such factors as feed force,
air and oil temperature, and air pressure were also monitored by using appropriate
sensors mounted on the drill. In addition, the feed force, torque and penetration rate
were also monitored in parallel to the vibration data to ensure that any unexplained
responses could be justified as a change by the operator in cither feed force or air
pressure levels. After the holes were completed, geophysical surveys in the same
holes were conducted to isolate any variations in rock type and geological structure

which could also generate anomalous vibration responses.

Test Rig

Ratteries

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 origins 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 Thesis Overview

The thesis is divided into seven chapters 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 critical length 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




Chapter 1. Introduction ]

on the mathematical models of the drill system, where some boundary conditions
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, theoretical
studies relating to ITH drill vibration are discussed. Chapter 7 outlines an analysis
of the field experimental data in relation to drilling variables and generated vibrations
by using system identification and spectral analysis techniques. The conclusions of

the thesis and recommendations for further research work are outlined in chapter 8.

P
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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
conducted from 1960 to the present time. Very few references were found 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
undertaken primarily to examine the influence of vibration on hole deviation and so
are of some use for the current 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 varying 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 such applications have been
observed to vibrate in three modes: 1) axially or longitudinally, 2) torsionally, and
3) transversely or laterally. The lateral vibration, due to bending, bucking, whirling
or whipping, especially near the drill bit, affects the hole direction and probably
contributes to the development of bottom-hole formation patterns which produce
periodic axial and torsional bit loads [2]. Generally, lateral vibration levels are
considerably larger than longitudinal vibration levels [3]. Longitudinal and torsional
vibratiions result in dynamic stresses which are amplified as the stress wave travels up
the drill string. It was clear from past research that these dynamic stresses directly
affected string and bit life through premature wear and reduced the overall 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 more
sensitive to the vibrations generated by drilling and thus has an infinite number
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 frequency,
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 system components can occur.
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 between it 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 frequency 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 bottom-
hole assembly alone dictates whether or not the entire drill string vibrates excessively
regardless of hole depth. This can be explained by the fact that 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 three 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 laboratory measurements of drill string vibrations by several researchers
over the past 25 years indicate that tricone drill bit displacement frequencies are
generally in the range of three cycles per bit revolution. Therefore, the frequency of

bit displacement can be defined by;

N N
f= 2% or w=2rf = ™0 (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;
z(t) = zosinwt (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 well drilling [8]. Particularly, the motion of the cone teeth ic
the main source of longitudinal and torsional vibration of drill string. As mentioned
above, resonance or severe vibration could be expected to occur when 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 [§]. 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 displaceinent. 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 the dynamic
forces in a drill string depends on the spring constant and damping ratio of the shock
absorber as well as the bit displacement frequency (a function of the rotary speed)
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 degree of
damping are reduced [t]. 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. Some authors believe that a shock absorber used in a rotary drill sysiem
presents a case of non-linear behaviour due to the strong Coulomb friction between
the drill system and hole wall and that in the shock absorber [9]. However, 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 frequencies (or rotary speeds)

than they are at lower operation frequencies.
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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 generally exceed 150 m. The
difference in the drilling methods, however, is considered to be 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
boundary conditions for percussive drills will be compared with rotary drill systems
in a later section.

The different drilling methods also generate different excited forces. In 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 stecl under applied
thrust. The bit cones with rows of tungsten-carbide inserts are pressed into the rock
to first crush the rock through compressive failure and then shear the material along
predeveloped fracture surfaces under rotation. The main similarity between 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 the concs bringing the inserts
into contact with the rock, while in percussive drills, the impacting is generated by
a hammer at a constant blow rate. In percussive drills, bit indexing i.e.. rotation
clears the broken fragments away from the rock interface in preparation for the next
impact. If the index rate is insufficient, the impact energy will be dampenced due to
the presence of crashed rock material under the bit. Drill cutlings are removed from
the hole by flushing air in most percussive drills, which is provided by a compressor
on board the drill. In rotary drilling, flushing is by air, water or mud or combination
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 hammer action
which propagates a stress wave through the bit to fracture the rock beneath. The
vibrations caused by the indexing is believed to be much less than that due to the
percussive action of the hammer on the bit. The nature of the excited force in
percussive systems also depends on the rock properties, bit shape/design, piston
final velocity, air pressure, and the cross sectional area of the hammer 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 INCO’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 feed 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 vibration - longitudi-
nal, torsional 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 as-
sembled which was then temporarily installed on the last drill pipe. Using a wireless
FM communication system, the vibration transducers and the telemetry system were
used to measure the vibration signals 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 hammer,
through the drill string to surface.

All the signals from the transducers and telemetry system were first passed
through a signal conditioning/isolation block and recorded by a TEAC RD 200T
Digital Audio Tape (DAT) recorder. The digital signals were obtained by playing
back the DAT tapes, filtering the analog signals, and then digitizing by an analog to
digital card. Geophysical logging of the production and core holes was undertaken
by two companies, IFG Corp., Toronto, and GPR Geophysique, Montreal, to provide

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 chapters
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 used on an ITH drill.
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Figure 3.2: CD 90B ITH Drill Used for the Field Tests

3.3 Experimental Methodology

3.3.1 The CD 90B ITH Test Drill

The CD 90B ITH drill is a product of CMS Ltd., Ontario, Canada. Before the exper-
imentation, several changes of the drill have been done according to the requirements
of the underground field tests. The drill rig was instrumented by installing sensors,
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 assembled before
the tests. As a part of the ITH drilling process monitoring and data mcasuring,
the vibration testing has been made at different drilling conditions: with the shock
absorber installed on the drill rod; drilling without the shock absorber; drilling at
normal feed force; drilling beyond the normal feed force range. Figure 3.2 shows the
CD 90B ITH drill used during the field tests which is with the shock absorber 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.

Telomelry System
T W [ )
3 o
% = [P =Ta] ===
10> SOSgseg @
1 ) — 00000000
= 3 Signal v
Condition:
CD-90B ITH Drilt e ] or TEAC ;:: ;3:1‘ DAT
Sensors r
Transducers

Figure 3.3: Field Test data Acquisition Setup

The signal conditioning interface shown in figure 3.3 is a subsystem to filter
and amplify the signals 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 rejection and easy field calibration. A

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

and can simultaneously store 16 analog signals of 2.5 K Hz bandwidth each at this

sampling rate. Each tape for the DAT recorder can 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 digitization 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 filter. An Analog Device’s RT1-815 analog-to-
digital converter card, installed in a computer’s expansion slots, was used to digitize
the analog signals. 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 Kb of RAM memory, 4 Mb of extended memory,
a 120 Mb hard disk, two floppy 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.
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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 ITH drill which were
monitored during the field test. However, only 12 variables were of interest for the

vibration analysis in this thesis. These are:

e Feed force

e Torque

e Rotary speed

e Air pressure

e Air flow

e Penetration rate

e Torsional vibration on drill head

e Lateral vibration on drill head

e Longitudinal vibration on the drill head
e Lateral vibration on the drill string

e Longitudinal vibration on the drill string

A detailed explanation of the monitored variables listed above can be found 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 vibrate. The
amount of reflected stress energy will depend on the rock propertics and the amount

of applied feed force. The feed force is also used to move the bit back in contact
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Chapter 3. Field Monitoring of An ITH Drill 25
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 6.8947x108 N/m? (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 by;

Fy = (Pi— P)A (3.1)

where
Fy1 = Feed force produced by the feed cylinder
Py, P, = Downward and upward pressures of the piston

A = Cross-sectional area of the piston

3.4.2 Torque

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 all rotating drill compo-
nents. Some 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 some influence 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 motor on this drill,
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the torque can be defined as;

- qR(I)m - oul)771772 _
T = — 'y (3.2)

where

T = Torque acting on the hammer

P, Poys = Pressure at inlet and outlet parts of the motor
g = 7.11 cm3/rev., Geometrical displacement of the motor
R = 27.75%2.8 = 77.7, Gear Ratio

m = 0.85, Motor efficiency (varies between 0.8 and 0.89)
72 = 0.9, Gear transmission efficiency

Ty = Torque due to friction

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

of efficiency 7, 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 was 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 transducer 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 3.44x10% N/m? (500 psi) with a 1.347 V offsct.
In addition, drilling displacement and penetration rate were measured by a trans-

ducer which produced two separate outputs for displacement and velocity. Due to

. L
T »wummﬂﬁ.#;g



%ﬁﬁ’w" =

Chapter 3. Field Monitoring of An ITH Drill 27
a very low penetration rate measured by this transducer, 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

displacement can be expressed by the following equation;

Ty Qma:z: - le’n KE (3.3)

Q(orp’ orS) - Omaa: - Omin ‘/j Vo A]

where

Q, P, S =Measured air flow rate or air pressure ,or drilling displacement respectively
z; = Full range of the transducer

V; = Full output range of the signal conditioner

Omaz; Omin = Output range of the transducer

Qmazy @min = Input range of the signal conditioner

V; = Input setting of the DAT recorder

Vo == Output setting of the DAT recorder

Vi = Data in voltage

A; = Gain of the filter

3.4.5 Vibration

There were two sets of vibration signals 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
signals 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
signals 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 signals




Chapter 3. Field Monitoring of An ITH Drill 28
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 each
transducer was + 5V for + 50 g of acceleration. The vibration level mecasured for

each transducer can be calculated by;

A= 1 Qma:: - Qmin E ‘/d

Omaz - Orm’n VI Vo—l‘g (34)

where
A =Measured acceleration, 0 - 50 g
zy = Full range of the transducer
V; = Full output range of the signal conditioner
Omazy Omin = Output range of the transducer
Qmaz; @min = Input range of the signal conditioner
V; = Input setting of the DAT recorder
Vo = Output setting of the DAT recorder
Va = Data in voltage
Ay = Gain of the filter

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, however,
is slightly different from that used for the vibration on the drill hecad by adding the

factors of the telemetry system. It is;

= ﬂ Qc Qm‘n‘ - Qmin _‘é__‘_/i
A= Ot Omaz — Onin |Z; Vo Ay (3.5)

where
A =Measured acceleration, 0 - 50 g
zy = Full range of the transducer
O, = Full output range of the transducer

Q. = Full input range of the telemetry transmitter
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V; = Full output range of the signal conditioner
OsmazyOmin = Output range of the transducer
Qmazs @min = Input range of the signal conditioner
V; = Input setting of the DAT recorder

V, = Output setting of the DAT recorder

Va4 = Data in voltage

A; = Gain of the filter

29
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Chapter 4

Analysis of the Percussive Drill

String

4.1 Static Analysis

As mentioned in earlier chapters, very few references related to the static and dy-
namic analysis of percussive drills have been found. Static analysis forms the basis
for undertaking a comprehensive study of percussive drill dynamic characteristics.
On the other hand, every effort has been made to determine the relationship between
the buckling and bending of the drill string and hole deviation under assumed static
feed forces through the static analysis. It is believed that the lateral forces created
by both the bending or buckling and vibration of the drill string arc the main causes
of hole deviation and as such will be analyzed in detail in this research.

The drill string for a percussive drill can be considered as an clastic body of
distributed mass and theoretically has an infinite number of degrees of freedom.
To analyze the static-dynamic characteristics of the drilling system, it is nccessary
to model the system to a Single-Degree-of-Freedom-System as shown as figure 4.1.
The mode! system consists of the masses (the drill string, hammer, and drill bit),

the damping along the drill string and the elastic element (the drill string and shock

.k
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absorber) i.e. the spring-and-mass system. It is assumed that the system is linear and
the damping is viscous. ! 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 zs from its

free-length position. Summing the forces vertically, the equation,
W = kx(zs) (4.1)

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

k{xs)

k(xsxs)  c(¥)

Static

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

When the mass (m) has a positive displacement z 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(z + zs) and the

!Although in reality, Coulomb friction deals mainly with the damping of vibration and axial
forces (1], viscous damping is assumed in the current case for reasons of simplicity, in order to
derive the differential equations which describe both the static and dynamic conditions of the drill
string.
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viscous-damping force cx, where both the spring and damping force act upwards.

Applying Newton’s second law,
W ~ kx(z + z8) — ¢z = mi (4.2)

where
W = weight of the mass
z = velocity of the mass

Z = acceleration of the mass

and substituting equation (4.1) into (4.2), then,
.k
B —it—z=0 (1.3)
m m

From this differential equation, it is apparent that the gravity force and/or its
moment acting on the system will be cancelled by the force and/or moment produced
by the elastic elements in the static-equilibrium position. In other words, lor the
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 slender compared
to its length, it is necessary to investigate its failure by buckling under the longitu-
dinal feed force and the critical load under certain boundary conditions. Generally
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 either the length or the axial forces of the rod exceeds the critical limit, bending or
buckling will produce lateral forces which act on the drill rod. Therefore the results

of examining the stability of the drill string are useful for studying the deviation of
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an ITH percussive drill. All the calculations for the buckling or bending 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 always has unavoidable eccentricities due to excessive axial loads and/or
wear which produce the moments along the string. If the eccentricity is small 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 quite flexible
because deflection is proportional to the cube of the length. A relative low value of
axial load may thus cause a large flexural stress by the moments. Therefore, as the
length of the string increases, the flexural stress increases. Figure 4.2 shows that
when the axial loads (Y-axis) and/or length of the string (X-axis) exceed the critical

load and/or critical length, buckling of the string will occur with subsequent failure.
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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 bl'lt basic theory of critical load and/or length of rod
which are subjected to the axial forces from drilling are reviewed to provide a better
understanding of these concepts. A theoretical analysis of the critical load for a long
drill string is based on Euler’s Formula, defined as

P, (4.4)

~ (k)
where

| = length of the drill string

I = moment of inertia of the drill string

k; = coefficient of length

P., = critical load

E = modulus of elasticity

The value of k; depends on the boundary conditions of both ends of the string.
There is some difference between the boundary conditions considered here and those
discussed above. The boundary condition of the drill string can be considered as
fixed-pinned, where according to Euler’s Formula, k& would be equal to 0.7. A sample
calculation was made based on actual data obtained from field tests with a CD-90B
ITH drill (refer to Section 4.2.4). These results are represented in figure 4.2, where,
for example, when the length of the drill string exceeds 20 m, the axial compressive

loads are seen to decrease quickly.

g




Chapter 4. Analysis of the Percussive Drill String 35

”

Yo=b sin( x1)

rd

\

\

|

l y
— - — —»

o

L X gy

Figure 4.3: Diagram of Buckling of Drill String

4.2.2 The Bending of the String Before Unstabilizing

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 deflection, see
figure 4.3.

Let yo (thick solid line) denote the initial deflection curve of the string and y;
the deflection curve produced by the axial force, so that the total deflection y (thick

dashed line) after bending is

Yy=%Y+Hn (4.5)

and let the initial deflection curve be

. T . 27z
Yo = blsm—l— + bgsmT 4o (4.6)
‘ ?Actually, most 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

. TT . 2wz
Y1 = apsin— + agsin—— + -+ - (4.7)

l l

then, the work done by the axial force (w; — wy) is

Wy — g = 2/ [d(y1+yo)] / [dyo] (1.8)

If the string is given an infinitely small additional deflection, da,, sin(nzw /1), the

work done by the axial load P during this deflection is

(w; — wo) _ nir? (
P da. da, = P_é_l—(a" + b,)da,, (1.9)
The increase in strain energy in this case is
EIx*
T ——nla,da, (4.10)

and the increase in strain energy is equal to the work done by the axial force P2, from
equation (4.9) and (4.10), that is

EIxt , nir?
T anda, = P——— 57 (

a, + b,)da, (4.11)
Let ¢ = PI’/EI? , the relationship of a, and b, can be found as

= b= T (1.12)
—q
Substituting a, into equation (4.7), the deflection curve of the string produced

by the axial load can be defined as

bysinZE  bysin 4=
= 4.13
Nh=9q 1—4¢ 2 _g (4.13)
If it is also assumed that the initial deflection is yo = bsin(wz/l), then
gbsin ¢
= — 1.14
Y 1—¢ (4.14)

Therefore, according to the equation (4.5), the total deflection y is equal to

b T
= = = A.15
Y=Y+ 1-q3"’ 7 (4.15)
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and the angle or the slope at z is

dy br T

0(3’:) = "E = m COos —l_ (4.16)

When z = [ and z = 0, in equation (4.15) and (4.16), there will be a maximum
deflection 3p,z in the middle of the string and maximum angle 0,,,. at both ends
of the string. Generally speaking, when maximum deflection exceeds the tolerance
between 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, 8, especially at the bottom end of the
drill rod, should be one of the characteristics to evaluate hole deviation. 3-D plots,
in figure 4.4 and figure 4.5, are results based on calculations using equation 4.15 and
4.16.. These plots indicate the relationship between the maximum deflection and/or
the maximum angle of the string, axial load and change of length of the string.
When 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 axial load not exceeding the critical load.
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Figure 4.4: 3-D Plot for Maximum Deflection
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Figure 4.5: 3-D Plot for Maximum Angle

4.2.3 The Deflection of the String After Unstabilizing

If the axial load is larger than the critical load, then drill string buckling will occur.
The deflection of the string can be expressed by the equation [14]:

Y=%§-‘/%—l[l—%(-}f—"—-l)] (4.17)

The relationship between the load and deflection can be represented as shown
in figure 4.6. As long as the load is smaller than P., (p/P. < 1), the decflection®
is zero. Beyond this limit, the deflection will increase rapidly with the load. It is
very important, therefore, to determine the critical load for a long drill string 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. After

unstabilizing, the string fails very quickly.

3Y/l is ratio of deflection to length of rod

L e e o
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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 critical length at particular feed forces was calculated
for both cases i.e. 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.! 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 10° Pa = 200 x 10° N/m?

P (feed force) = 3000 1b = 1.3345 x 10 N
Din = 6.125 in = 0.1556 m

Dyt = 6.5in = 0.1651 m

Dy =8.5in =0.216 m

' 4The effect of the distribution of the mass along the drill string is not taken into account.
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b (initial deflection) = 0.1 in = 0.0025 m
Yimas = (Dh/2 — Dout/2) — b= 0.9 in = 0.02286 m
by (new initial deflection ) = (D4/2 — Doyt /2) = 1 in = 0.0254 m

Kes 1

(b)

P 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 Deflection

According to equation (4.4), if the boundary condition is assumed as in figure 4.7
(a), and the critical force is assurned to be the feed force, the critical length of the

drill string can be expressed as:

(4.18)
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where
I = moment of the drill string

Ky = coefficient of the length (depends on the boundary condition)

Substituting the values listed above into equation (4.18), then
L=3 m

This is to say that when the feed force is kept constant (1.3345 x 10* N ), the
maximum length of the drill string without unstabilizing will be equal to 34 m. Figure
4.8 shows the relationship between the critical length of the string and the feed force
without the initial deflection. What should be noted is that the calculations were
made based on assumptions of an uniform cross sectional area drill string, constant

feed force and certain boundary conditions for the drill system.

Critical Length vs Feed Force
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Figure 4.8: Feed Force versus Critical Length without Initial Deflection
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Calculation of Critical Length with Initial Deflection

Figure 4.9 shows another case when the critical length of the string with initial
deflection is calculated. In this calculation, the same boundary conditions and feed
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 be yo = bsin(rz/l). Equation
(4.14) gives, (note that ¢ = PI?/EIx?)

ylmaz-EI"r2
L=,|-——x 4.19
\J P(yimes +5) (1.19)

where

b = maximum initial deflection of string

Y1imez = maximum deflection produced by axial load

ey

=
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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 results also indicate that the
more the initial deflection, the shorter will be the maximum length of string without
serious bending. This feature was clearly indicated by figure 4.8 which reveals the

relationship between the feed force, critical length and initial deflection.

Calculation of Lateral Forces Due to String Bending

When there is considerable steel bending, lateral forces T and F (see figure 4.7 (d),
(e) and (f)) will be created to act on both sides and at the middle point of the string
due to contact with the borehole 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 walls. Figure 4.7 (f) shows the horizontal forces acting on
the string when it touches the walls of the hole due to the bending. In this case, the
deflection of the middle point of the string will be:

e

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

Pib, T8
EIr*— Pi* ~ 48EI (4.21)
or,
T 48E]1Pb, (4.22)

= I(EI= - P
Substituting E, I, P,b; and | = 32 m into equation (4.22), then,

T'=514 N




Chapter 4. Analysis of the Percussive Drill String 44

and
F=T[2=25T N

where T and F are 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 some initial assump-
tions. Because equation (4.22) was derived from a classical beam deflection equation
(equation (4.14)) and the bending equation (4.20), it is necessary to assume the string
should be nearly straight when its middle point touches the wall of the hole because
of bending. These same assumptions apply when calculating the lateral forces in
the region where the string is unstabilized either for the critical length or crilical
feed force limit. When the length of string or feed force exceeds the critical limit,
equation (4.22) can not be used any more. This is due to the fact that when the
string oscillates due to unstabilizing, there will be a non-liner deflection acting on it
and thus no certain deflection curve can be predicted. Some results from the moni-
toring of a CD-90B drill underground show that most hole deviations have only one
deflection along a particular direction for the entire length of hole. Therefore, 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

Continuous System 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). All 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 hammer
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 make some
initial assumptions and simplifications of the system when the boundary conditions
are selected.

It is assumed that the drill string is a long pipe having a uniform cross-sectional
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 are
assumed to act on the bit, that is they act on the bottom end of the hammer assembly.

In reality, the excited force is related to the rock properties, bit shape, piston final
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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 harmonic force for the purpose of the derivation of the mathematical equations.

The bit displacement, which is the remaining boundary condition, is defined by (see

Figure 5.1(a))
21(0,t) = 2o sin(wpt)
where
z; = longitudinal displacement of the bit

2o = amplitude of bit displacement

wp = frequency of bit displacement
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Each type of drill system vibration (longitudinal, torsional and latcral) is as-
sumed to be independent of the other two. The functions developed only in terms
of longitudinal parameters, however, can be used for an analysis of the drill string
torsional vibration problems simply by changing the symbols of the functions. The
friction between the drill string, the case and the wall of the hole are approximated as

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

5.2 Boundary Conditions

In order to calculate the natural frequencies of the drill string, the boundary con-
ditions at the ends of the string must be known when the frequency functions are
derived. Due to the complex structure of the drill system, however, some boundary
conditions can only be chosen through an analysis of the data measured from actual
experiments conducted while drill'ng. Therefore, it is necessary to make some initial
assumptions to choose these boundary conditions.

Because there are many differences between the tricone rotary and percussive
drill systems, both are defined by a different set of boundary conditions. In many
papers dealing with the vibrations of rotary drills, the bottom end of the boundary
condition of the drill string was specified as a fixed end. This is the result of the rock
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 neglected.

For the percussive drill system, the main cutting action is the axial impact of
the bit. The bit moves up-and-down and rebounds under the impact of the hammer
where relatively speaking, this motion is quite large. This means that the bottom
end of the drill string (and the bottom end of the hammer case) moves like a free end
of a beam as shown in figure 5.1 (a). Therefore, the bottom end of the hammer 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 considercd part of the
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boundary conditions. The boundary conditions of the bottom end of the drill string,

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

(2))

Zl(Ll,t) = 22(L2, t) (51)
0z 02z
AIEIM = AzEzm (52)
and
21(0,t) = zgsin (wt) (5.3)
where

z1(L1,t) = longitudinal displacement of the top end of the case
23(La,t) = longitudinal displacement of the bottom end of the string
21(0,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))

ZQ(L, t) =0 (54)

Where
z3(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 frequencics of the
drill system can be defined from the frequency functions. As a continuous system,
the drill string has infinite natural frequencies. Only a few of the lower frequencics,
however, are of interest because the longitudinal resonance occurs in this region. The
first to fifth natural frequencies will be selected for undertaking a mode analysis of

the drill string,

5.4 Solution of Drill System Functions

Since continuous systems are different from a lumped system, the derivation of
the frequency or wave functions is more difficult, especially in the case of a force-
excitation system. For an uniform and fixed-free long string, applying the concept
of equilibrium to a section of drill string (figure 5.1(b)), and summing the material

stresses, viscous friction forces and inertial forces, the wave function can be derived

a's’
%z 9z 9%z -
AE%; = cl% -+ p-ét—z (o..))
The solution to equation (5.5) is
2(x,t) = g(z)e™! (5.6)
Where substituting the complex equation (5.6) into (5.5) gives
2
AEQ(IE2 + (p? — icw)g(z) = 0 (5.7)
0z?
That is
62‘1(-"’) 2 -
522 + h*q(z) =0 (5.8)
Where
p2 o P —iwe W aw (5.9)

=)
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The solution to equation (5.8) is
¢(z) = Dsin(hz + d) (5.10)
and, therefore, the solution to equation (5.5) is
z(z,t) = Dsin(hz + d)e™ (5.11)

The solution (5.11) of equation (5.5) can be applied to both the string and ham-
mer casing section. By finding D and d, the function z(z,t) can be determined to
get an overall response of the drill string due to the source of excitation described
by equation (5.3).

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

be derived as,

z(z,t) = (Acos %z + Bsin -‘zm)e“"' (5.12)
with the boundary conditions
a0z
z(L,t) =0, a(o,t) =0 (5.13)
It is found that
A=0
and
wl
cos(-;—) =0
which is satisfied when
wpl nw
——c—=—2— n=1,3,5,---

The undamped natural frequencies are then found to be

w=Tr  n=135

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

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

2(0,t) = izpe™ (5.14)
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and
z(L,1) = Dy sin(ho L + dy)e™* (5.15)
and
0 0zL
[2(L1,t) — 2(La, t)] k = A,Ea—Z‘ = AgE-—g-f (5.16)

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

_ _; %o
Di=-isg (5.17)
dz = —h; L (5.18)
_ sin(h1Ly + d1)kDy
D2 = Az2Ehy cos(ha Ly + d3) + sin(ha Lz + da)k (5.19)
di = tan™’ At (Laile + tan(halz + d2) | — k1L (5.20)
Azhy k

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 some
natural frequencies, determining the boundary conditions and D, D;,d,,d; , 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 developed

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 have
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 system were
derived based on the typical fixed-free boundary condition of the drill string (Figure
5.2). As mentioned in the previous section, the actual drill system and suhsequent

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

n sl “?E@é@g":@
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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 connected 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 bottom 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

following analysis.
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' 5.6 Solution to the Boundary Condition

The solution for the damped-forced continuous system is (refer to equation (5.11))
z(z,t) = Dsin(hz + d)e™* (5.21)

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

2 L, L,t
2(L,t)kz + %Qia(_t@ +A2EQM +r3?_z_(__’_) =

oz a0 (5:22)

where

ky = 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) into equation (5.22) gives

kz sin(th + dz) - mwz sin(th + dg) + Athg COS(’!;L -+ dz) + iwr;, Siﬂ(hz[: -+ dg) =0
(5.23)

That is
A FEh,

mw? — twry — ks,

dz = tan™ [ ] -~ hoL (5.24)

where Dy, D,,d, are described by equations (5.17) (5.19) (5.20) respectively.

‘
i
pat
() ﬁ'
N am e g



Chapter 6. Model Simulation and Analysis 55

Chapter 6

Model Simulation 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 systern 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
determine 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
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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 be simulated to study both
short and long rod vibration responses. Several sets of boundary conditions for the
continuous system of the ITH drill also need to be validated. On the other hand, it
becomes convenient for the mode analysis to use some 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 harmonic or impulse input. In order
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. Iow-
ever, the simulation of the lumped mass model and continuous system for different
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 all of the vibration data measured from field testing of the CD-90B ITII per-
cussive drill was acquired using accelerometers, the main output of the simulation
will also be acceleration data for easy comparison to the real data. Velocity, displace-
ment and stress along the drill string can also be easily obtained from the acceleration
data by a mathematical calculation. For the lumped mass model, the damping ratio
will be recovered as the results of the simulation through the use of one sct of real

vibration data.

1The forces acting on the drill bit will be confirmed as impulse input in chapter 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 damping will still be assumed as viscous damping

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

6.2.5 The system characteristics and the data

The data chosen to run the lumped model simulation is STGO6A (Shock absorber
Test rod 6, rod length was equal to 4.6 meter or 15 feet).? 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)
A =160 cm? A; =238 cm?
Li=96 m L, =10.67 m
Dy =203.2 mm D, =144.78 mm
D;, =155.58 mm Dowt = 165.1 mm
c¢=50038 m/s (for steel) k=49x10" N/m

E=10*" kg/cm®* or 98 GPa
wy = nwcf2l radfs n=1,3,5-

JHowever, there is little difference with viscous and friction damping for the vibration responses
when the length of the drill string is relatively short, i.e. 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, cquation (5.3)
represented the differential equation of the drill string. For a forced-multiple-degree-
of-freedom (forced-discrete-lumped-mass *) vibration system, this equation should

be:

[m] (2] + [c] [£] + (k] [=] = [F] (6.1)
where the matrix m, ¢ and k are the mass matrix, damping matrix and stiflness

matrix respectively and F is the excitation force acting at the bottom end of the

drill string.

6.3.1 Identification of the damping of the shock absorber

In general, discrete and lumped-mass systems have finite numbers of degrees of frec-
dom. For this simulation, considering a relatively short drill string, four degrees 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

r 1T ¢ . ) - 1¢ . r 1 ' \
myy -+ M4 £y C11 " C14 I ki -« kg 1A r
Mgy« - My Zy C21*+*Cy4 T2 kay -« kaq 9 0
4 ) + { ) { L= ¢

M3+ - M3y Z3 €31 Cy T3 kap« - kaq z3 0
| ma-oomu ] &) lea-cen &) |kaka]lz) (0
(6.2)

The main damping comes from the friction between the drill string and bore hole

wall and that in the shock absorber. The stiffness of the system, except that of

4A discrete system is one in which the inertial, elastic, and damping propertics are all clearly
described by distinct mass, springs, and damping mechanisms, respectively. When the distributed
properties of the drill rod are discretized by modeling them as systems composed of lumped mass,
lumped elastic elements, and modal damping, such systems are generally referred to as lumped-
mass systems or lumped-parameter systems. These discrete system should not be confused with
discrete-time systems, for which the variables are determined at distinct instants of time, and which
are described by difference equations rather than by differential equations.[14)
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the shock absorber, depend on the length of drill string chosen for every degree of
freedom, the cross-sectional 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.

Data: STGO6A

Figure 6.1: Result of the Simulation of the Multiple-Degree-of-Freedom Model
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6.3.2 Simulation with Harmonic Excitation Force for Modal
Analysis

Modal analysis basically involves the uncoupling of differential equations of motion
as a means of obtaining independent equations to facilitate the response analysis
of multiple-degree-of-freedom and continuous systems. The independent equations
that result from the decoupling process are expressed in terms of coordinates that
are referred to as principal coordinates, and in terms of normal-mode parameters
that include the natural frequencies and modal-damping propertics of the systcm.
In this process there is one independent equation for each normal (natural) mode of
vibration, and it can be solved as if it were the equation of a single-degree-of-lrcedom
system. The system response is then obtained by superposition of the responses of
the individual normal modes.®

In order to do modal analysis of the multiple-degree-of-freedom, the harmonic
excitation forces acting on the bottom end of the hammer casing were assumed as
the input of the drilling system. Since the lower frequency regponses 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.

5For 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 characterized by a wave
function (see chapter 5 for details) and can be analyzed by means of the superposition of the normal
modes as well. The general procedure consists of assuming a solution of the form (see equation 5.6)

o0

z= ) aidi

i=1,2,

in which ¢; is a normal-mode function that is a function of the spatial coordinate z and ¢; 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 generalized coordinate is
obtained from the solution of a second order differential equation.

e ol
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6.4 Simulation of Continuous System with Im-
pulse Excitation Force

In the following simulation of the continuous system of the ITH drill, two scts of
boundary conditions were used and the impulse force was defined as the input of the
continuous system. The results were concentrated on determining the vibration re-
sponses for both sets versus the length of the drill rod and time at different boundary
conditions based on the functions 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 later on in chapter 7. The re-
sulting vibrations of the string are, therefore, characterized by the presence of several
frequencies and periodic motions. In the analysis of the percussive drill vibrations,
the periodic vibrations of the system can be described by waveforms 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 linear response, can be simply

expressed by
f(t) = AAs + knt) (6.3)

where

A; = Constant related to the cross sectional area of the casing and piston

A, = Constant related to the cross sectional area of bit and piston, density of mate-
rial, velocity of sound, and final velocity of piston

k., = Constant related to rock property and bit condition

t = Time

s 4

]
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. Then by use of an FFT, the excitation force has the form
f(t) = 229 + é a,, cos(nwt) + ’g:l by, sin(nwt) (6.4)
where,
a, = ; % f@cos(nwt)dt  n=0,1,2,- (6.5)
T
b, = —:ri i f(t)sin(nwt)dt n=0,1,2,.-- (6.6)
and, 2

w=2r/T T =2,

where,
T = period

l, = length of piston

. Therefore, it becomes very convenient for the simulations of I'TH 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-Freedorn Model

¢ Validation of the MDOF Model

The result of the simulation of the MDOF (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 ITH 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 ficld tests, the
damping ratio of the drill system can be found to be related to the system responscs.
For example, from figure 6.1, the minimum or maximum points for the acceleration
and the displacement at the top end of the drill string is almost always at the same
points where sharp changes in the damping ratio were found (about 0.2 peak-to-pcak
changes). It was then confirmed that the damping of the drill system due 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 being transferred
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 simulation
was measured when drilling with a short string length. With the short rod, there is
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 disturbances to the

drill system.
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e 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 invesiigated 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
smaller compared to the displacement of the string vibration, 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,

wy = nwefl n=123,.-- rad/s

where, [ = 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 fourth mode shape (normalized) in figure 6.2, the drill string obtains
a maximum longitudinal stretch displacement amplitude at 17.8 m and at the bottom

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 displacement and dynamic

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 relationships 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 of
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 stress of
the drill string induced by the excitation force. Two curves in each of these 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 (z = 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 amount
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 line in this plot represents the case of small
damping in either the drill string (r; = r2 = 0.2) or the shock absorber. The dashed
line represents the case of the small damping along the drill string and large damping
in shock absorber (r; = 0.8, r3 = 0.2). For most shocks used in mining industry,
however, the damping of the drilling system comes mainly from friction between the
drill string and hole wall rather than the spring elements in the shhock ahsorber 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 solid line is with the stiffer spring (70,000,000 N/m),
while the dashed line 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 ¢ = 12.5 m. It is apparent that the softer spring is more
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 maximurn amplitude of longitudinal
displacement 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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The two curves in figures 6.6 and 6.7 are typical acceleration and velocity re-
sponses of a particular point (z = 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 fundamental 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 bottom 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 signals

generated through the MATLAB program.
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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 methods
will be applied to the vibration data and other variables measured from a CD-90B
I'TH drill measured while drilling. It is also an objective of this chapter to determine
the true relationship between the string vibration and other drilling variables such as
feed force, torque and the damping of the drilling system. In addition, the efficiency
of the shock absorber used during the drilling will be evaluated 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 o this measurement
method and for the purpose of further research work, the drilling system can be

divided into two sub-systems as shown in figure 7.1. System I includes the drill
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Figure 7.1: Input and Output Diagram of the Drilling System

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 I.

It was assumed that the input to system I are series impulse forces (the exact
type of measured input signal is not known exactly but will be validated 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 signals (reflected waves) and phase shifts on the drill rod. If the length of
the rod is relatively short and the joints match well, 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 signals. One is from the sensors placed on the drill
head and another comes from the sensors located on the midpoint of the last rod

by using the telemetry system. These signals are considered to be outputs and/or
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inputs to system I and/or system II. Each set of data is divided into two groups,
one for system identification and another for the validation, to improve the accuracy
of the identifications. All of the initial conditions of the system are assumed to be
zero when A/D (Analog to Digital conversion) transformations are performed. The
sampling interval is 0.001 second and the Nyquist frequency is 500 11z when dealing

with the vibration data.

7.2 Identification of the System

System identification deals with the problem of building or validating mathematical
modes of dynamic systems based on observed data from the system. For a lincar

and time-invariant system, the generalized model structure is

Aaw®) = e 3u) + SDe(t) 7.0

where A(q), B(q),C(q), D(g) and F(q) are polynomials, y(¢) is output of the system,
u(t) is input of the system, and e(t) is the disturbance.

Which polynomials will be used depends on what type of modecl chosen as shown
in Table 7.1. In this section, ARX (Autoregressive), ARMAX (Moving Average)
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) since it is not known
exactly what is the kind of input to system I, finite impulse forces are assumed, (2)
a comparison of several models is made to determine the effect of the disturbance of
the system and (3) to obtain a best model to describe the identified system either at

low or high frequency regions for the dynamic and spectrum analysis.
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Table 7.1 Polynomials Used In the Models

Models | Polynomials
ARX AB
ARMAX | AB,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 signals 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
I respectively. These signals were converted using an A /D transformation of 1 kHz
and 1 ms sampling interval. Figure 7.2 (c) and (d) are spectrums 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 some frequencies. Therefore, there must
be some high frequency disturbances to the system. This also implies that the ARX
model which ignores the disturbance to the system, will not be suitable to describe
the real system. Because the impact between the piston and hammer is considered as
the main source of the string vibration, these high frequency disturbances probably
originate from the reflecting waves caused by 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 comparing the original output signal with the simulation
results. It can be noted 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

‘ , be filtered to compress the data by a factor of four (i.e. Low-pass filter and pick
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every fourth value). Figure 7.4 is a second plot of the ARX model using the filtered
data where the results are much improved.

Figure 7.5 is an another plot for the BJ model, and indicates that this model
shows good agreement with agree with the real system. Figure 7.6 shows the resulis
when the ARMAX model is also compared to the real system. Note the solid line for
the simulated signal and dotted line for the original signal in this figurc. The Loss

Function and Akaike’s FPE are shown as in Table 7.2.

Table 7.2 Loss Function and FPE for Models

Models | Loss Function | Akaike’s FPE
ARX1 0.3559 0.3741
ARX2 0.0609 0.0634
ARMAX | 0.0509 0.0534
BJ 0.0384 0.0407

In summary, due to considerable high frequency disturbances that result from
reflected wave impacts of the drill bit and rock and the joints of the drill rod, the
original signals have to be pre-compressed through filtering. 1t is then possible to
build simple models that are capable of reproducing the validation set rcasonably
well. The BJ or ARMAX models can represent the real system better than the ARX
mode! when dealing with the percussive drill string system due to the presence of

such high frequency disturbances.

7.2.2 The Impulse Responses Models

As mentioned above, the input of system I was considered as a finite impulsc force.
In the identification of system I, a low-pass filter is used to filter the high frequency
elements as a first step of the procedure. What the cut-off frequency is will depend

on what low frequency region is to be examined. The third order model has been

S
i
e
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estimated to derive two polynomials. Figure 7.7 is a discrete-time Bode Plot of the
results of the identification of system I using the impulse forces as input. Comparing
this plot with figure 7.2 (d), the model shows good agreement with the original
system. According to the identified model, system I can be described as a third

order discrete system (the sampling time is 0.001 sec). Its transfer function is:

-0.292

23 — 1.42822 + 0.1872 + 0.271 (7.2)

G(z) =

From the transfer functi(;n, the estimated damping ratio of system I 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 signals of system I, 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 finite impulse

input of system I is correct.

7.2.3 Comparison of the Simulated and Original Outputs

Figures 7.10 and 7.11 demonstrate some results from the model simulation. In these
figures, which compare the outputs, one line indicates the filtered original signal and
the other 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.

B
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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 vibration, spectrum analysis is
a principal tool. In this section, the focus will be the selection of a suitable method
to perform a spectrum analysis of the vertical vibration of the diill string. The
ETFE (Empirical Transfer Function Estimate) method will be tried first, using the
data obtained from the underground experiments. Figure 7.12, is a spectrum of the
output from system II where the dominant frequency components of 19, 40 and 59
Hz and their harmonics are clearly seen. The SPA (Standard Spectral Analysis)
method gives another plot as shown in figure 7.13. This figure shows that when
the SPA method is used, a very large Hamming window will be needed to identify
any detail of the harmonic response. This situation indicates that the Standard
Spectral Analysis method does not work well for the desired analysis. Iligure 7 14 is
a plot comparing several AR models of different order with the ETFE method. From
this plot, it is seen that the parametric spectrum is not capable of picking up the
harmonics because the AR models are strongly influenced by the higher fiequendies,
which are difficult to model. Therefore, the analysis will concentrate on the lower
harmonics by prefiltering the data at a cut-off frequency 65 Hz which will encompass
the 20, 40, and 60 Hz models. Figure 7.15 illustrates the results from using the
filtered data. The three first peaks were clearly identified while the high frequency
components were ignored. If the fourth or fifth harmonics ( around 80 and 125 Hz)
were of interest, the cut-off frequency should be changed or another kind of filter used
to prefilter the data. Figure 7.16 is a comparison of the spectrum of the original and
simulation output of system I.

In summary, after prefiltering the data with low-pass filters, the parametric AR

methods are capable of properly presenting the spectrum for the purpose of dominant
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frequency analysis.

7.3.2 Data Analysis

In this section, the vibration analysis will focus on analyzing the changes in the
vibration while drilling in a attempt to define the relationship between the damping
ratio and the feed force and torque. This analysis will be undertaken for both the
vertical and lateral vibrations using sysiem ideutification methods. The data in this
analysis was measured during the underground field tests in hole 02 and 04. Frequent
changes made by the operator while drilling can introduce numerous difficulties to
the system identification process. Therefcre, the particular data set was selected due

to the fact that the feed force and air pressure remained essentially constaut while

drilling the holes.

¢ Damping Ratio

It is believed that shock absorber can largely reduce the amplitude of the vibration
of an ITH drill, a situation which was theoretically studied in a previous chapter.
Figures 7.19 and 7.21 show the relationships between the sysiem damping ratio and
several drilling variables of the drilling conditions. Figures 7.11, 17 and 7.18 also
indicate the changes to the drill system equivalent damping ratios with and without
the use of a shock absorber for either the vertical and lateral vibration responses.
Aithough the longitudiral vibrations of the drill system were not reduced by the
damping elements but by the spring elements of the shock absorber, the equivalent
damping ratio will still have a variation of about 0.3.! This is mainly due to the
frictional force between the drill rods and the hole wall and that at the bit-rock
interface. Changes in the rock properties, bending of the drill rod and the feed

force will cause the variations in the damping ratio. The ability to attenuate the

I'The shock absorber on the CD-90B ITH drill used in the underground field tests was one in
which the main elements for isolating or absorbing the vertical vibration are springs. There is little
friction force in these springs and thus relatively lower damping ratios
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vibration through damping is different for 1he transmission of the vertical and lateral
vibration and occurs in a different frequency range as shown in figures 7.19 to 7.24.
On the other hand, the results indicate that the identified models can describe the
system with enough sensitivity to account for any changes in the drilling conditions.
Therefore, it is possible to identify any changes in the system damping by using

system identification methods.

e Feed Force

In underground mines, drilling hole with high precision at high production rates
is of utmost importance. To obtain the smallest deviation and the best penetration
rate, an optimum feed force should be applied to the bit in order to maximize impact
energy transference to the rock. It was observed from the field data that penetration
rate was proportional to the feed force prior . the latter reaching an optimum point.
When the feed force was excessive, ie., higher than the optimumn level, the bit will
be forced against the rock at all times. The bit in an ITH hammer is designed to
rebound after each impact, but if this is not possible the flushing clearance between it
and the rock becomes restricted. As a result, cuttings are not being properly cleared
and thus th=y build-up at the bit-rock interface to attenuate the impact energy. Less
energy is delivered to the bit to break rock and, therefore, the penctration rate in
such cases was reduced.

Vibration on the drill head and within the drill rods is considered as one of main
factors to induce hole deviation. Vibration levels of the drill head were seen to
be inversely proportional to the feed force as shown in figures 7.19 to 7.24. These
figures show that the level of applied feed force directly affects the diilling vibration
level. Comparing figure 7.19 with 7.20 (for Hole 02, vertical vibration), figure 7.21
with 7.22 (for Hole 04, vertical vibration) and figure 7.23 and 7.2 (for Hole 04,
lateral vibration), it is seen that the higher the feed force, the vertical(longitudinal)

vibration level usually decreases while the lateral vibrations are less affected. This
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behaviour explained by the higher feed force resuicing in better contact between
the drill bit and the rock while also stiffening the drill string such that it has less
acceleration when a stress wave passes through. This does not mean, however, that

the strain forces generated in the rods are also less.

e Torque

There are many factors 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 always represents the torque
level, since the torque is mainly generated by the force composed of the bit chipping
action, the friction between the drill rods and hole wall and the friction from all
rotating drill components. Figures 7.19 to 7.24 indicate that when the damping ratio
increases, 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 Harmonic Responses

The shock absorber plays an important role in isolating the transmission of the
vibration from drill bit to rod or head. At the measuring point on the drill head,
the vertical vibration was effectively reduced through the use of the shock absorber,
especially in the case of harmonic responses at lower frequencies (about 22 Hz and 44
liz), sce figure 7.9. Figures 7.17 and 7.18 are harmonic responses of Front-Back and
Left-Right directions of vibration at the drill head with or without a shock absorber.
These figures also indicate that the level of transmission of lateral vibrations can
not be reduced effectively at both low and high frequencies. This response is due
to the design of the shock absorber, which is composed of a scries of vertical spring
elements.

With an increase in the length of the drill string, the longitudinal vibration
mecasured at the drill head, illustrated small haimonic responses at lower frequencies

of 24 and 48 Hz and high level harmonic responses at 72 Hz. This behaviour is due to
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the fact that as the length of the drill string increases, the damping of the drill system,
as a result of friction between the drill hole and the drill string, will increase The
vibration at lower frequencies, therefore, will be damped by the increased damping,.
As the number of the joints increase with an increase in drill string length, the
harmonic responses at the high frequencies will shift to high levels due to increased
reflection.

For the lateral vibrations on the drill string and drill head, the situation is not
the same as for the longitudinal vibration. When the drill string becomes longer,
the possibility of bending the drill string increases. When the deviation or bending,
occurs, the friction between the drill hole and the drill string increases quickly, and,
thercfore, the ligh frequency vibration reflection which acts on the diill string will
decrease. The harmonic responses at lower [requencies will be slightly changed in

such situations. These results are shown in figures 7.19 to 7.24.
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Chapter 8

Conclusion and Further Work

8.1 Introduction

With decreasing prices for ore and dwindling reserves, it will be necessary for Cana-
dian underground mines to improve current production practices and reduce op-
crating costs to remain competitive. The advent and implementation of advanced
monitoring and control systems on ITH drills will assist in achicving these goals.
However, in order to properly design and deveiop these systems so that they meet
the requirements 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 designed once the constraints of the environment in which these
will be operating have been 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.
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8.2 Conclusion

The research described in this thesis constitutes a primary component of work for
projects initiated by Inco Mines Research involved in the development of advanced
control systems for their ITH drills. The major conclusions of this research are

outlined below:

8.2.1 Theoretical Studies

o The vibration responses of ITH percussive drills are completely different from those
of tricone bit drills due to the fact that in the former, the main sources of drill string
vibration are from the impact of the piston. This difference is especially prominent

when the frequency responses of the vibration are examined and analyzed.

e For the static analysis of the drill string, the lateral forces at the bit arce believed to
be a major cause of initiating hole deviation while drilling. These forces are initially
created, and increase substantially, as bending and buckling of the drill string occurs.
The feed force should be never exceed a critical limit as the length of the drill string
is increased to avoid further steel bending and buckling. After the drill string has
been unstabilized under these conditions and with the lateral vibrations which act

on it, hole deviations will develop.

e When the length of the drill string is very short, an MDOF model can be used
to simulate the longitudinal vibration of the ITH drill. Under such conditions, the
diill string tends to be a lumped mass transfer body, where there are small changes

in the longitudinal vibration responses along the drill string while drilling.

e When the drill string is relatively short, the vibration generated at the drill bit will
be isolated or absorbed by the spring elements in the shock absorber rather than be

damped by either the damping of the shock absorber or due to friction hetween the
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drill string and hole walls.

e 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
compared 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

6.1€, which illustrated the 3-D plot of the rerults from simulation using the complex

boundary condition.
8.2.2 Experimental Studies

e Shock absorbers can greatly reduce the amplitude of the longitudinal vibrations
generated by ITH percussive drills. Softer springs are more efficient in absorbing
these vibrations. The damping of the drill system also plays an important role in
isolating the v:brations 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 absorber 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 gencrated 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 interface. 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 frequency range.
The high frequency responses of the vibration transmitted from the drill bit to the
head are mainly attenuated by damping due to the frictional effects surrounding the

drill string.

e The feed force plays an important role in determining the amount of hole deviation
and the penetration rate by its direct influence on the developed vibration level.
When the feed force was kept in the optimum range, there were lower vibrations
generated thus reduced possibilities for hole deviation and high production rates.
These results show that when the proper levels of feed force are used, there is an
efficient transfer of percussive energy from the hammer to the bit to break rock. As
conditions at the bit-rock interface change, due to feed force or geological variations,
the percussive energy transfer efficiency will also vary. For example, bit bouncing duc
to iusufficient feed force will result in increased energy being reflected back throvgh
the drilling system, ie. high vibrations. Overthrusting will dampen the percussive
energy preventing rock from being efficiently broken by the bit and thus prohibiting
drill penetration. It was found that high feed force, if within the optimum working
range, will decrease the vertical vibration level while the lateral vibrations are iess

aifected.

o The torque was mainly induced by forces composed of the bit chipping action, the
friction between the drill reds and hole wall and the friction from all rotating drill
components. Thus, torque can be considered proportional to the damping ratio of

the drill systern.
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8.3 Primary Contribution

e Although the main objective of the static analysis in chapter 3 was the derivation
of the differential equations for ITII drill vibration, it also provided results describing
the beading and buckling mechanisms of the drill string under the influence of the
feed force. The critical feed force and/or length of the drill string were analyzed at
different 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

better understanding of the factors responsible for hole deviation, a phenomenon of

great concern in underground mines.

o The diflerential equations for Multiple-Degree-of-Freedom and Continuous System
(mass lumped and distributed) describing ITH drill vibration have been derived and
analyzced for several sets of boundary conditions. It is suggested that these differential
cquations form the basis for more comprehensive theoretical studies and modeling
of the ITH drill vibration to be conducted. Solutions for the differential equations
were also used in the modeling, calculation and simulation of the ITH drill forced-
damped vibration for both the short drill rod (mass lumped) and long drill string
(mass distributed) cases. The mathematical model derived for the continuous system

also cnabled the vibration to be investigated for twe coordinates (time and length

along the drill string) simultaneously.

e Simulations of the longitudinal vibration of I'TH drills, based on the MDOF and
Continuous System mathematical models and actual data for the CD-90B ITH drill,
were undertaken . These efforts attempted to recover the vibration characteristics
of the ITI drilling system and thus reveal the true responses of the longitudinal
vibration 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 the simulations.

Several comprehensive computer programs were developed to run these simulations.

e A series of vibration measurements from the underground field testing of a CD-901
ITH were selected for analysis. The lateral and longitudinal vibration responses of the
drill string were measured using appropriate sensors and a telemetry system mounted
on the drill rod — this effort had never before been attempted. The vibrations of the
drill head were also monitored. Other sensors on the drill permitted the recording of
penetration rate, air pressure, feed force and torque in parallel to the vibration data.
The vibration responses on both the drill head and the drill string were monitored
for conditions with and without a shock absorber installed behind the diill hamimer.
The data from these tests were the first attempt ever to be obtained while such a
drill was actually drilling a hole. Thus, this data set is invaluable in providing insight
into the dynamics of an ITH hammer and how these are affected by the introduction

of a shock absorber under known geological conditions.

e Experimental studies of ITH drill vibration were completed through the use of
signal processing, spectral analysis and system identification techniques using data
from drilled production holes. Both the longitudinal and lateral vibrations of the
ITH drill were examined using either their frequency or harmonic response. By
comparing the amplitude of the vibration when drilling with or without a shock
absorber, the efficiency of this device to isolate vibration was evaluated at different
frequency ranges and for different types of vibration. Certein drilling variables and
design criteria, such as damping ratio, feed force, air pressure and torque, were also
investigated in an attempt to determine their relationship with vibration. The results
of the vibration data analysis was aimed at providing results which could be used for
new shock absorber or improvement of current designs while also forming the basis

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 considercd as one of most efficient tools to attenuate the vibration.! 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 I'TH

drills. For example;

o 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.

e 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 recults to drilling performance and energy dissipation.

o Since the lateral vibration on the drill rod is considered to have an obvious effect
on hole deviation, it would be necessary to also investigate how to incorporate a

lateral vibration damping capability into a new shock absorber design.

lactual control of feed force and possibly rotation speed would also reduce drilling vibration
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