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ABSTRACT

This paper is the following part of our project to predict the penetration rate for percussive
drilling with rotary in very hard rock. As results in [1] have been shown that the rate of
penetration was strong influent by Brazilian tensile strength and it was exist the correlation
between the rate of penetration and the rock properties. Yet, the study was vahd on six hard
rocks in experimental result of test tricone and rotary with percussive. All relationships have
been shown but the coefficient R? is still very low. This paper will present a new relationship
with high value of R? based on previous data and also establish a mathematical relationship,
numerical model to predict the penetration rate.

Key words: Hard rocks, ROP, drilling, mathematical model, numerical model.

1. INTRODUCTION TO STRESS WAVE THEORY
1.1. Longitudinal elastic waves in a rod

Consider one long rod, the cross-sectional area of which is equal to A. Let the Young’s
modulus and the unit weight of the material that constitute the rod be equal to E and y (or
density of the material, p, with p=y/g), g is the acceleration due to gravity and v is the
Poisson’s ratio. Now, let the stress along section a-a of the rod increase by ¢ Fig. 1. The stress
increase along the section b-b can then give by ¢ 4 (d¢ /9x)Ax . Based on Newton’s second

law: } Jforce=(mass)(acceleratin).
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Figure 1. Longitudinal wave in a rod.

Thus, summing the forces in the x direction,

a 2
—od+ c+a£Ax\A Aphx—— (1)
ax or
where u is the displacement in the x-direction.
Simplification of Eq. (1) gives equation of motion,

do _ d’u
—=p— 2
ox L o’ @

However, we can use the stress-strain relationship, 0, = E.£, and strain-displacement

relationship, £, =du/0dx, or,
o = (strain)(Young's mod ulus) = [g—“ )E 10)
e

Substitution of Eq.(3) into Eq.(2) yields,

%u (EYo'u
F:(;Iaﬂ @

Or,
o%u 9%u
W (T) ©
where,
b= |5 ®
¥

The equatlon (5) called longitudinal wave equation, and the v, is the velocity of the
dinal stress wave pr v, sometimes noted c.

P

If the rod described above 1s confined, so that no lateral expansion 1s possible, then
above equation can be modified as,

’u _ 0%
(3] o
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where,

®)

E(1-v)
1-2v)1+v)’

M = constrained modulus =

1.2. Velocity of particles in the stressed zone

It is important to differentiate between the velocity of the longitudinal wave propagation
(ve) and the velocity of the particles in the stressed zone (u ). In order to distinguwish them,

consider a compressive stress pulse of intensely ¢, and duration t’(Fig. 2a) be applied to the

end of a rod (Fig. 2b). When this pulse is applied initially, a small zone of the rod will undergo
compression. With time this compression will be transmitted to successive zones. During a time
interval Af the stress will travel through a distance Ax =v,Af.

Atany time t>t’, a segment of the rod of length X will constitute the compressed zone. Note
that,

7_ |
x=v,t

The elastic deformation of the rod then 15,

fplepe

Note that u is the displacement of the end of the rod. Now, the velocity of the end of the rod and,
thus, the particle velocity is,

u_c.v
y=—=—"* (19)
[
Substitution of Eq. (6) into Eq.(10) yields,
[4 [4
u=Sgle s an
Vep VP
Or
o, =u(v,p) (12)

Equation (12) shows that the particle velocity is proportional to the axial stress in the rod. The
coefficient of proportionality, v, p, is called the specific impedance of the material.
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Figure 2. Velocity of wave propagation and velocity of particles.

1.3. Compressive stress at impact contact

Consider a cylindrical piston strikes on a rod drill with the blow velocity Vy (Fig. 3),
corresponding to the cross-section A;, density 0, , longitudinal wave propagation ci, Young’s

modulus E;, and A,, 2,, ¢; and E.

Ay Py E1:| l
Vo

Ay P2 €2 By

Z

Figure 3. Schematic picture of real rock drilling in particular representative for drop hammer testing.

The mutual compressive force across the interface, Fy, which is generated by the impact:

F,=Zz, (13)
where Z, = Z\Z/(Z, + Zy). Zi = A, Py ¢1 and Z, = A; P, ¢, are the respective characteristic
impedances of bodies 1 and 2 at the impact interface.

The amplitudes of the step-like compressive stress pulses that propagate away from the interface,
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VZ,
= 14
4, a9
Wz,

4,

o=

o, = (15)

EY IR

Y (4pe)dpic)
4, (4pc) +(4,06,)

- ﬁ A pc)(40,¢,)
4, (4pic)+(4,0,0,)

\ (16)

an
If the rock drill and the cylindrical piston are made of the same material (0, = 0, = P, ci=c¢;=¢;

E;= E; = E) and the same cross section A, the amplitudes of stress pulses generated at contact
impact are given by,

o =_K)E (€8]
2c

o, _LE 19)
2c

1.4. Bit motion equation and solution

As soon as the piston impacts on the rod with the velocity Vo, there is a large contact force P on
contact surfaces of piston and rod. If the bit is in contact with rock surface when the piston hits the
rod, we assumne that the impact force to rock surface equals P. During impacting, there is also the
penetration force F acting on the interface of the rock/bit (Fig. 4), and the bit advance in the rock.

In most theoretical treatments of percusswe drilling the bit-rock interaction is described using
empirical force-displ relationst btained for the actual bit-rock combination. Commonly,
the force F/dlsplacement u relationship is described as piece-wise linear [2, 3] (Fig. 5), this
relationship show the force F is directly proportional to the displacement u,

F=Ku (20)

The equation of motion of the bt and rod is,
d’u
dr?

=P@)-F©® @)

where M is the sum of bit and rod mass.
From Eq.(12) we can derive the particle velocity = ¢ /{c. p) with ¢ = v, and according to the

continuous condition of velocity at the impact end, we have the velocity of the bit and rod at a given
time t and the 1mpact force P,

) _p, @

22
At @2
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Figure 4. The motion of the bit and hammer. Figure 5. Idealized fc displ. lationshi

From Eq.(22) and Eq.(23) the impact force P(t) can be derived,

PO) =(Vo -% dpe o)
Replacing Eq.(20) and (24) on Eq.(21) we have the equation of motion of bit and rod is,
d’u(z) du(r)
M——==|V,- A Ku 25
ar i pe— . (29
Or,
d’ a"u(t) Apc du(t)
t ——- 26
= tw & ( ) (26)
‘With the initial condition is,
u(z=0)=0
du(t=0 *
(=0 _,
dt
Solution
% One particular solution of Eq.(26): u(¢) = ATPCAVO
% See equation:
dzu(t) Ape du(t)
=0 27
dr* M dt ( )= @n
a2+A—”ca+£—0 ©8)
M M
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2
A= A—pC] - 4£
M, M
Case 1
If A0 (A"’C) >4K
M
Equation (28) has two solutions:
—4pe + Ape i 42
M M
a = >
—Ape _ | dpe Z - 45
M M M
a, = 2
Thus, Eq.(27) has two solutions:
(1) = e

{uz {t)=e"

and the solution of equation of motion of bit and rod,

u(t)=Ce" +Cye™ + = pc v,

where C; and C, are constants, can be determined from initial condition (*),

Aﬁpea2 +1

G = f
4 —a,
A 4 2a)+1
c,=-XK "~ y

a —a
Case 2
2
Ape K
A=0: [ 25 =42
()=
4 =a,= Apc
2M
Solution of Eq.(26):

u(®)=Ce™ +Cyt.e +A7pc-Vo
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where C; and C; are constants, can be determined from initial condition (*),

y
c, =[1+?’”al]yo

Case 3

2
If A<0: A_pcw <4£.
MM

Equation (28) has two solutions:

Thus, Eq.(27) has two solutions:

_Ape,
u(t)=e M sin t

_dee,
u,(t)=e * cos t

and the solution of equation of motion of bit and rod,

ApeY_ K ApeY_ K
M M _de, M M
t+Cye ™ cos t

2 2 K
where C| and C, are constants, can be determined from initial condition (*),

¢ =[2_ (APC)Z]' %,

_ax,
u(t)=Ce * sin

MK 2
dpe) 4K
MM
4
C, =——I;£.V‘,
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Note: After [3], in the Fig. 4, when the hammer impacts the rod, a compressive stress wave C ,
is generated in the rod. The wave propagates towards the bit where it is denoted by ¢ | (t). At the

bit a reflected stress wave €, is generated. At the rod-bit interface this wave is denoted by €,
{t). Under the combination action of the incident and reflected stress waves, the bit is accelerated
towards the rock, and work W is performed. When the reflected stress wave €, amves at the

rod-hammer interface and the free end of the hammer, reflected stress waves are again
generated. These waves form a second incident stress wave towards the bit which may or not
cause further work to be done on the rock. From several points of view, for instance fatigue, it
appears to be advantage to transfer a maximum of energy to the rock during the first siress wave
interaction. From a series analysis of Lundberg, we found that more than 90 % of the impact
energy can be delivered to the rock during the first stress wave interaction, the effect of
subsequent stress wave interactions has not be considered.

L.5. Limitation of stress wave theory

Stress wave theory is a mathematical model, from which the wave transmission is supposed
to be along a slender bar with uniform section and mediums are full contact on the interface. We
can derive from it that the full contact of bit front face with rock will result in the most efficient
stress wave or impact energy transmission. However, this is completely contradictory with the
fact that sharper bits drill faster or penetrate deeper and they have less contact area with rock
surface in fact; example for a normal button bit, the practical contact area is about 10 — 20 % of
the bit front face area, and the sharper bits the less contact area [4].

2. NUMERICAL MODELING

In fact, during the past few years, with the rapid development of computing power,
interactive computer graphics and topological data structure, a large number of numerical
methods and fracture models have been developed for research on the rock fracture process
during percussive drilling [5]. Bruno and Gang Han 2005 [6] used one numerical tools “Finite
Element Modeling code FLAC3D” to investigate drillbit penetration with compression, rotation
and percussion. Their model simulation indicates that compressive failure due to high impact
force may be dominant rock failure during bit-rock contact, while rock may fail in tension if
there is not enough bottom hole pressure acting on the exposed rock surface. Because rock
tensile strength is usually 1/5 to 1/10 of rock compressive strength, it may fail more easily in
tension if conditions permut. For instance, tensile failure can account for up to 90% of rock
penetration when there is no pressure acting on top of the rock at the hole bottom. We can derive
from it that to achieve the maximum drilling efficiency, encouraging rock deforming in tension
is recommended.

Other interesting result is noted here that the optimum line spacing between the
neighbouring button-bits has been proposed. This optimum line spacing is in fact a function of
the drilled rock properties, the diameter and shape of the button-bit, as well as the drilling

conditions:
F o 1=
§=2 —2.45434 h————— — +2K.a
[(o‘cdl }27.86853] {EG,C] :
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where

S is the optimum line spacing,
F 15 the drilling force,

¢ ¢ is compressive strength,

d is the size of the button-bit
v is Poisson’s ratio, Young’s modulus E,
Gic is the energy release rate,

K, is coefficient of the button-bit shape (Ks = 0 for the sharp button-bit, Ks = 0.8 for the
spherical button-bit, and Ks = 1.0 for the blunt button-bit),

a is radius of the contact area

3. RATE OF PENETRATION MODEL

Predicting and interpreting the rate of penetration (ROP) of a drill bt is very importance and
help well planning and optimization drilling operation. Based on the current understanding, a
rate of penetration model is proposed. In this part, we will present one analytical model of
penetration rate, ROP, to operating condition rock strength and bit parameters.

3.1. Rock strength confinement

There are accepted methods in the literature to calculate rock confined compressive strength
(TCS) based on rock unconfined compressive strength (UCS) and confinement pressure (Po).

1- sm&

29
1- sin€ @)

TCS =UCS+P,

TCS =UCS(1+a,P*) (30)
Equation (29) called Mohr-Coulomb strength criterion and Eq. (30) was proposed by [7].

where
¢ =Rock internal angle of friction,

P, = the pressure exerted on the rock matrix and is equal to difference of the applied
external pressure (re. drillng mud dynamic or hydrostatic pressure) and the pore
pressure of the fluid inside the rock.

a; and b, are coefficients dependent on rock

3.2. ROP model

‘We assume that the strain rates caused by a drill bit in percussive drilling are similar in the
triaxial compression test. The confining pressure which is applied to the jacketed rock sample is
interpreted as representing the bottom hole differential pressure in a wellbore. We should note
that there are four main components in percussive rock drilling feed, rotation, percussion and
debris transportation [8] The feed is used to keep the drill bit in contact with rock. The purpose
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of the rotation is to rotate the drill bit inserts in order to operate on new surface at the hole
bottom at each blow and thus achieving a larger volume of crater per impact blown, Operational
variables for a top hammer are defined in Fig. 5. Thus, we propose the following
phenomenological model for the percussive penetration rate, ROP, caused only by percussion
component.

Feed, Percussion

Rotation

Debs
transportation
-~

y

Figure 5. Schematic picture of real rock drilling.
Drilling rate, R, equals,

roP=1.¥ 14 Gn
dt
where,

ROP: is the penetration rate {m/min),

f: is the blow frequency (blow/min),

dv/dt: is the volume rate of rock removal (m’*/min),
A is the hole cross-section area (m?).

The penetration rate for a given rock can be estimated from Eq. (31) by study the volume
removed in impact tests. Because this volume is hard to determine, two useful formulas will be
presented in the follow paragraphs.

Theoretically, the penetration rate of a drill depends on the power output (power transmitted
to the rock) and the drilling strength of the rock. A basic equation for penetration rate for all type
of drills is given by,

roP=f.2 62
AE
where,
ROP: 1s the penetration rate (m/min),

f: is the blow frequency (blow/min),

143



Nguyen Van Hung, L. Cerbaud R Souchal, C.Urbanczyk, C.Fouchard

P': is the power transmutted to the rock,
A: is the hole cross-section area (m?),
E’: is the specific energy (N m/m’), or the energy required to remove a unit volume of
rock,
An expression for the prediction of penetration rate derived by the senior author [9] is given
below,
Eq 33
ROP=f.51= )
AE
where,
ROP: is the penetration rate (m/min),
f: is the blow frequency (blow/min),
E,: is the energy per blow (N m),
7 :is the efficiency of energy transmission from the drill bit to the rock,
A: is the hole cross-section area (mz),

E’: is the specific energy (N m/m?), or the energy required to remove a unit volume of
rock.

Cutter Rock Impact Energy Autoclave Pressure

PDK 16 mm H Grante }-——{ %4 H otmPa
I I [ I
Amphibolte I 504 5MPa ‘
I Y B

PDK 11 mm
LEERERE

m Lo L LR m
L,,I,,J aea

|

l Cone I [Dﬂﬂﬁ | 1009 | \ 20 MPa
F"l"T 1'"1““.
L”I"J L..I_.J
N BN

Figure 6. Test matrix for the Clauthal work. Dashed lines indicate options that were not fully tested [10].

The above equation shows that the penetration rate is proportional to blow energy and blow
frequency, as well as being inversely proportional to the specific energy. The efficiency of
energy transmission? , denotes that proportion of energy per blow E;, that goes into rock
breaking. The obvious maximum (100 per cent energy transfer) and minimum (0 per cent energy
transfer) limits on 7 are respectively, 1.0 and 0.0.

It is well known from previously published works of [8] that specific energy in rock cutting
is effected significantly by cutter geometry and rock properties. Ralf Luy 1992 [10] worked with
4 tocks (Granit, Amphibolit, Gabbro, Diorit) and five different cutters were used. The shapes
and dimensions of these cutters and rocks properties are presented in the Fig. 6 and Table 1.
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Table 1. Compressive strength and densities of the rock specimens [10].

Rock type Compressive Strength, MPa Density, g/em®
Granite 167 2,593
Diorite 180 2,959
Gabbro 281 2,620

Amphibolite 302 2,770

‘We can derived from his results that the specific energy, E’, is a function linear of bottom hole
pressure, Eq.(34).
E'=aF, 1 b (34)

where,
E;: is the energy per biow (N m),
a,b: are the constants, depend on the rock properties and impact energy,
P, is the bottom hole pressure.
Substituting the Eq.(34) in Eq.(32), (33), the penetration rate can be determined by,
P
ROP=f———— (32bis)
Afab, +b)
Casel

In practice, we can estimate rapid the penetration rate, ROP, by using the Eq.(33bis). The
energy transmission efficiency, 7 , defined in [11, 12].

Case 2

Pm

P |-

Um

Figure 7. Idealized stress-deformation curve during percussive action {[3, 13]).
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In the general case, the penetration rate, ROP, determined by Eq. (32bis). The power
transmitted to the rock, P’, equals the area under the curvature force F-displacement (Fig. 4). In
the real case, the P* value must be measured in dynamic test and P’ depends on impact velocity
[2]. In the simplest case, we assume that the dynamic force-penetration curve is equivalent to the
relationship between the stress-deformation in the triaxial test. In the Fig. 7, we present the
idealized stress, Pr-deformation, u curve during percussive action, Here, Py is the maximum
mean stress, and uy is the maximum deformation, correspond to the rock sample is fracture. The
power transmitted to the rock, P’, can calculated by,

P'=%(PMuM) (35)

The maximum mean stress is defined by,
p, =TG- 28 (36)
3
where,
TCS: is the triaxial compressive strength,
Py: is the confining, corresponding to the bottom hole pressure.
From Eq.(29) in Eq.(36), we have:
p, <UCS  3-sin€ @7
3 1- sin€®
Substituting Eq.(35) and Eq.(37) in to Eq.(32bis), the formula of penetration rate becomes,
ucs . 3- s_m¢ P
ROP=y 3 losin® ° (38)
24(aP, +b)
Our model proposed Eq. (38) shows that the penetration rate, ROP, relates to rock properties
and drilling conditions. Yet, the bottom hole pressure has been account in to our model.

4. EXPERIMENTAL MODEL
In the previous paper (1], the experimental model has established following relationship:
ROP=-0 0283UCS + 15.11, with R*=0.5632
ROP = -0.0198TCS + 15.387, with R*=0.6635
ROP =-0.4316 ¢ , + 14.478, with R’=0.8001

However, the linear correlation shown a coefficient R? is not really high. In order to
improve and optimize the best correlation we tested with other trend lines such as: exponential,
logarithmic, polynomial and power. Finally, the polynomial correlation is taken with the highest
value of R* as shown in the Fig. 8, Fig. 9 and Fig. 10. The result can be resumed in these follow
relationships:

ROP = -0.0001UCS? + 0.0246UCS+11.213, with R*= 0.6247 (39)

ROP = 1E-05TCS? - 0.0274TCS + 16.402, with R? = 0.6655 40)
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ROP =-0.0292 % +0.201 1+ 12.059, with R?= 0.8989

@n

From Eq. (39), (40), (41) we can consider that the Brazilian tensile strength has significant
role with ROP. The Eq. (41) can be used to predict ROP for the very hard rocks.

15 y = -0.0001x2 + 0.0246x + 11‘213’,
- i R*=0.6247 #Calcaire150
E 10 W Anhydrite220
5, x 1 AGranite70
= 0 X Basalt280
50 100 150 200 250 300 XSandstone210
UCS (MPa) ®Gabbro280
Figure 8. Penetration rate versus UCS.
16 I y = 1E-05x2 - 0.0274x + 16.402
14 1l R? = 0.6655
12 lcail
g 10 ‘* F— ¢ Calcaire150
g s \[\ W Anhydrite220
5 6 = =l AGranite70
A T XBasalt280
2 X Sand 210
0 ®Gabbro280
150 200 250 300 350 400 450 500
TCS (MPa)
Figure 9 Penetration rate versus TCS.
16 Iy =-0.0292x2 +0.201x + 12.059
14 | R?=0.8989
12 = J
210 ™~ ®Calcairel 50
=
K g @ Anhydrite 220
5 Agranite70
g s =
. X Basalt280
2 Xsandstone210
o ®Babbro230
0 2 4 6 8 10 12 14 16 18 20 22
oT (MPa)

Figure 10, Penetration rate versus € ;.
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5. CONCLUSIONS

The study was valid on six hard rocks in experimental result of test tricone and rotary with

percussive. It has been shown that we can predict the rate of penetration by using the exponential
relationship between ROP and Brazilian tensile strength.

The mathematical mode] or numerical modeling can help to predict the rate of penetration

in the case of rotary with p ive drilling technology, but it needs the test called “single
cutter” to determine the parameters.

Acknowledgement. The authors have a great pleasure to thank TOTAL company, Drillstar industries,
Vietnam Oil and Gas Group, PetroVietnam University for support in completing this paper.
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Bai bdo nay 1a phin tiép theo trong dy 4n xay d\,mg va dy béo toc @6 khoan co hoc ciia céng
ngh§ khoan dap két hop xoay trong diu khi d6i véi truong hop 44 rét cimg. Nhur két qua d4 chi
ra trong {1] md hinh dy bao toc 46 khoan phu thudc nhidu vao d6 bén kéo Brazilian va ddng thoi
cung ton tai méi lién hé gifta téc d6 khoan va tinh chét ciia d4. Ngoai ra, nghién ciru d dwa trén
két qua thuc nghiém ciia sdu logi dé cimg trén co sd thi nghiém choong ba chép xoay va thi
nghiém khoan dap két hop xozy. Tét c& méi lién h¢ chi ra mdi lién hé¢ nhlrng hé s6 R? kh4 nho.
Bai bdo nay s& gidi thigu mbi 1ién hé m&i véi hé sb R? cao hon dya trén co 80 ket qua thi nghiém
trede kia va ddng thoi ciing giéi thigu mé hinh toan hoc, md hinh sb dé dy béo téc d6 khoan.

Tir khéa: 44 cimg, ROP, khoan, md hinh todn hoc, md hinh 56.
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