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O A new, rational model is proposed for simulating the process of core drilling in geomaterials. The
model describes in a consistent manner the complicated process of core drilling in quasi-brittle mate-
rials. After reviewing a model from the literature, based only on the balance of forces at the cutting
edge, a new approach is introduced, considering a fundamental kinematical constraint to the rotary
drilling process, namely, the helicoidal trajectories of the cutters. At the same time, the mechanical
balance of engine power supply and drilling energy consumption must hold. The concept of drilling
strength, i.e., the energy consumed to remove the unit volume of base material, is discussed, showing
that the expression of the drilling strength depends on the fracture mechanisms occurring in the base
material, and thus depends also on the shape of the indenters (back rake angle, wear-flat). A simple
estimate of the wear effects at the cutting edges, based on experiments, is proposed. In conclusion, a
global formulation of the core drilling process is obtained by coupling the kinematical and mechan-
ical conditions. The model comprises a set of physical parameters, which can be determined accord-
ing to drilling tests.
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INTRODUCTION

There is an increasing demand for innovative tools able to drill into
materials like reinforced concrete and hard rocks. However, research in
the field has been limited, especially when compared to the wide literature
concerning classical drilling tools for energy resources supply (e.g., in the
field of petroleum engineering, see Kerr, 1988). Moreover, extending
results from these fields to the process of core drilling into concrete and
masonry must be done with much care, since the ploughing action of
the indenters is, in some aspects, different from the traditional compressive
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action on soils and rocks: although the physical processes are similar, and
the sources of energy expenditure are the same in all geomaterials, the
scaling ratio between the size of the indenter and the characteristic size
of crystals, aggregates, and particles can be very different between artificial
conglomerates and natural rocks. Neither can the theories of metal cutting
be adopted when dealing with quasi-brittle materials, since plastic defor-
mation is substituted by discontinuous chipping, fracture, and fragmen-
tation (Chiaia, 2001).

A typical core drilling tool (Figure 1) is made of an electrical engine, a
hollow cylindrical steel bit which can rotate at fixed power or at fixed angu-
lar velocity, and a series of indenters (or cutters) welded at the bottom of
the bit, which penetrate into the base material and remove chips by a com-
bined crushing/ploughing action. Two families of cutters for core drilling
are available in the market, namely, the impregnated segments or the single
hard indenters.

Impregnated segments (see, e.g., Miller and Ball, 1990, 1991) consist of
a metal matrix where a distribution of small hard particles (usually syn-
thetic diamonds) is embedded. Single indenters (Hanna, 2000; Sneddon
and Hall, 1988) are made of hard metal (typically cemented tungsten
carbide, WC-Co), and their cutting edge may be coated, for enhanced per-
formance, with a layer of polycrystalline diamond (PCD). Although the
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FIGURE 1 Schematic of a typical commercial tool for core drilling in concrete and masonry.
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mechanical process is the same at the scale of the tool, the cutting action
and the wear effects in the two cases are remarkably different at the scale
of the cutters.

THE MODEL BY WOJTANOWICZ AND KURU
Assumptions of the Model

Wojtanowicz and Kuru (1993) derived a model for rock drilling, based
on the static balance of the forces acting on a single cutter, assuming simi-
larity between bit and cutter. Three equations constitute the mathematical
model: torque, drilling velocity (or rate of penetration), and drill bit life.
The equations consider cutter’s geometry, rock properties, and five empiri-
cal constants, used to match the model to a real drilling process.

As shown in Figure 2, the model is derived from the analysis of the
forces acting on each cutter, assuming that a certain wearflat is already
formed. In the model, u is the cutter penetration in the base material, 0
is the cutting angle, f is the back rake angle, 4 is the side rake angle, f,
and f; are, respectively, the normal and tangential forces acting upon the
indenter, f; is the cutting force (orthogonal to the cutting area), f,, is the
component of the normal force orthogonal to the wearflat, fz and f
are the frictional forces acting respectively on the wear-flat area and on
the cutting surface area. The bit life, drilling velocity, and bit torque
equations are deduced from the balance of forces on a cutter moving with

horizontal

(b)

FIGURE 2 Geometrical and static assumptions according to Wojtanowicz and Kuru (1993): (a) axial
view of the core bit; (b) lateral view of a cutter with back rake angle f# < 0°.
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constant angular velocity, ¢. The following assumptions are made through-
out the derivation of the model:

1. The resistance to penetration and cutting is proportional to the contact
area (i.e., the local normal force f, upon each cutter does not depend on
the penetration u).

2. There is perfect mechanical similarity between a single cutter and the bit.
Thereby, experimental evidence claims for the following assumptions:

e The advancement 6 per bit rotation is proportional to the normal
force f, acting on a single cutter, with proportionality constant k;.

e The volumetric wear of the cutter is proportional to the work of fric-
tion at the contact area, with proportionality constant k. The fric-
tional drag at the cutter’s side surface is negligible.

e The drilling velocity is proportional to the cutter penetration u, with
proportionality constant &s.

e The bit torque M, is proportional to the single cutter’s torque, with
proportionality constant Ay.

3. If the penetration is small, also the cutting angle 0 is small and can be
neglected in the balance of forces.

Force Balance Equations

The normal and tangential components of the forces acting on the
cutter are:

Jn = —fesinf + fr.cosf + f,cos0 + fz,sin0 (1a)

Ji = fecosf + fisinf — f,sin0 + fz,cos0 (1b)

According to the assumptions described in the previous section, one
can make the following substitutions:

Jo= SA (2a)
Jo = Suwhw (2b)
Jie = e = 1ScA (2¢)
Jro = W = 1S (2d)

where u is the coefficient of friction between cutter and base material, S,
and S, are the resistance to crushing and the resistance to penetration of
the base material, respectively, A,= tu is the cutting area (¢ is the width of
the groove), and A, is the wear-flat area. This amounts to considering a
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plastic response of the base material, with regard to both the vertical and
the horizontal action of the cutter. No attention is paid to the penetration
law (i.e., f,, does not depend on wu). Inserting Equations (2) into the
balance Equations (1), and taking 0~ 0, one obtains:

Jfo = ScA (pcosf — sinff) + S, A, (3a)

Jo = ScAc(cosp + psinf) + uS,Aw (3b)

Moreover, for typical values of the side rake angle, 4, smaller than 5°, the
horizontal force f, is practically coincident with the tangential force f,
(see Figure 2a):

.y (4)

COS/A

Drilling Velocity Equation

The normal force balance equation can be solved for the cutting
surface as:

fn - SwAw
Se (ucos p — sinf)

A = (5)
showing that the cutting area is a function of the cutter’s penetration and

of its wear state. Wear was considered by the authors through a dimension-
less function Up. Therefore, they obtained:

u = UD (fn - SwAw)
S, (pcosff — sinff)
As the drilling velocity dis proportional to u through an empirical con-

stant kg, if n,;is the number of cutters on the core bit, the bit progress per one
full rotation is n,fold greater than w. Thus, the drilling velocity is given by:

(6)

0 = ky™ nqu (7)

where k5 is an exponent (close to 1.0) accounting for possible nonlinearities
due to inadequate bottomhole cleaning. Substituting Equation (6) into
Equation (7) and considering proportionality between total thrust (load
on the bit) and cutter’s normal force, we obtain k; = n,. Thus, F, =k, f,, =nf,,
and the drilling velocity equation becomes:

N U Fn - SwAw
§ = oo LoEn = naSude)
S, (pcosff — sinf3)

= K(F, — ) Up¢" (8)
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where Iy =n,S,A,, and Kis the drillability constant, defined as:

ks
K = -
tS,(pcosff — sinf3)
According to this model, both the drillability constant and the drilling velocity

are independent of n,. We will see that the role of n,; does not come into play
because of neglecting the nonlinearity of the penetration law.

(9)

HELICOIDAL MODEL FOR ROTARY DRILLING IN
GEOMATERIALS

Kinematic Assumptions

The hypothesis of (circular) horizontal trajectories of the cutters,
although acceptable at the level of force balance at the cutting edge, hin-
ders important aspects of the core drilling process. In particular, it is
impossible to model a continuous process, because, after each revolution
in the horizontal plane (orthogonal to the z axis), a discontinuous axial
advancement is required to allow the cutters to plough on. Moreover,
because of the rotational symmetry, the horizontal trajectories would imply
either that each cutter belonging to a trajectory of radius R works only for a
small distance s (corresponding to the circumferential separation distance
between two cutters, see Figure 3a), or that a single cutter removes the
material for the entire loop, while all the others are shaded and do not
work (Figure 3b).

v, v v
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FIGURE 3 Horizontal trajectories of the indenters: (a) partial ploughing; (b) shadowing of cutters.
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In order to model a continuous, stationary process and to respect the
rotational symmetry (no cutter prevails over the others), it is necessary to
consider intersecting helicoidal trajectories (Mellor, 1976). Each cutter is sub-
jected to a normal component f, (due to the penetration) and to a tangen-
tial one f, (the cutting force) due to the ploughing action. Given two cutters
D; and Dy in a core bit with radius R, at a distance s=2nR/2 (Figure 4), we
can reasonably assume that, if the core bit is infinitely rigid compared to
the base material, the two indenters are always at the same height z Let
us consider a clockwise rotation ¢ =7 (equal to the mutual angular separ-
ation between the indenters) and let d be the vertical advancement. The
indenters, at the end of the helicoidal motion, belong to the same horizon-
tal plane. The pitch of the helix is related to the angle 0 (the cutting angle),
which can be considered as a measure of the rate of advancement (i.e., of
the drilling velocity ). We can generalize the process to an arbitrary num-
ber n, of cutters, equally spaced within the circumference with radius R:
their mutual distance s will be

_ 2nR
=

S

(10)

Let us suppose that the penetration u is the same for all the cutters; this
assumption is quite reasonable in a stationary regime, due to progressive
wear of the indenters. One can immediately notice that, for a given value
of 0, each cutter, when reaching the position previously occupied by the
preceding cutter (i.e., after a rotation equal to 27/n,), faces an obstacle
of height ¢. In particular, two situations may occur (Figure 5).

If 6 < u, each cutter would experience a decrease of its penetration when
occupying the position previously occupied by another cutter (Figure 5a).
This can only occur by decreasing the normal force, and would imply
reduced drilling efficiency, tending in the limit to a mere polishing activity.

D, (t=1)

FIGURE 4 Helicoidal trajectories of the indenters.
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(b)

FIGURE 5 Non-stationary drilling situations: decreasing (a) or increasing drilling velocity (b).

On the contrary, if 6 > u, a certain volume of base material V;, has not been
removed by the preceding cutters (Figure 5b). Thus, each cutter would face
an obstacle higher than its penetration and this would imply an increase of its
penetration, which is possible only by increasing the normal force. Both
situations are cases of non-stationary drilling, i.e., Figure 5a refers to
decreasing drilling velocity; whereas Figure 5b to increasing drilling velocity.
These conditions are not consistent with an optimal and stationary drilling
process. In particular, the case when 6 > u represents a source of anomalous
vibrations of the tool, due to the stick-slip behavior of the indenters. More-
over, wear of the cutters is extremely accelerated by these large fluctuations
of the cutting force.

Thus, the rate of advancement 0, under steady-state conditions, must
obey a strong kinematic restriction: the optimal value, 0, corresponds to
the condition d = u, or, in other words, each cutter must continuously face an
obstacle of height exactly equal to its penetration (Figure 6). In this way, the rotary

v V v

—_—Jt —»Jt —»ﬁ

FIGURE 6 Optimal stationary kinematics of the drilling process.
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process for each indenter becomes continuous, and the rotational sym-
metry is preserved. The optimal value of the cutting angle, 0, is directly
related to the penetration and to the mutual distance among the cutters:

tan § = - (11)
s

The apparently strange conclusion is that the rate of advancement 0 depends
on the base material only by means of the penetration u. The helicoidal advance-
ment is controlled by kinematical quantities. The smaller the separation
distance (in the direction of the motion) among the cutters (i.e., the larger
the number of active cutters), the larger must be the advancement, for a
given penetration, to ensure a stationary efficient process. Note, inciden-
tally, that the presence of a larger number of active cutters requires a larger
thrust on bit (and thus a larger value of the active torque M,) to keep a
certain value of the penetration w.

Kinematic Determination of the Drilling Velocity

By means of the above-mentioned geometrical arguments, the optimal
kinematic conditions for the drilling velocity 6 can be obtained. We still
need, however, to find the dependence of u on the total normal force F,.
Given the tangential velocity of the cutters, @R, the drilling velocity is:

5:¢Rtan§:E¢R:und£ (12)
s 2n
where we have used Equations (10) and (11). Notice the remarkable simi-
larity between Equation (12) and Equation (7), obtained by Wojtanowicz
and Kuru (1993) by means of empirical assumptions. The optimal rate of
advancement 0 depends on the base material by means of the indenters’
penetration u. One could argue that the larger the number of indenters,
the larger the advancement rate, to ensure a stationary efficient process.
However, a larger number of active indenters, at fixed normal force F,, imply
a smaller penetration u, and therefore the global effect of n, remains to be
explicated.
Let us consider now the following general penetration law for a single
indenter:

fn = ku* (13)

where f, is the normal force upon the indenter, and &, o are two constants
depending on the base material, on the indenter geometry and on the wear
state. As is well known in mechanics, the value «~ 2 is valid for elasto-plastic
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indentation of cones and pyramids. It can be used for each small indenter
embedded into an impregnated segment, but is not valid for the pen-
etration of the whole cutter, since the total contact area is not constant.
In the presence of large single hard indenters, the situation is closer to a
two-dimensional wedge, with a linear load-penetration law in the elastic
regime (Fischer-Cripps, 2000).

As regards the base material, we may argue that exponents & > 1 should
be used for very hard base materials, whereas, when F, is very large, or com-
pressive failure of the base material is governed by plasticity, values o <1
become more plausible. Simulations performed by using a lattice model
of the base material have shown that o can be lower than 1.0 if heterogeneity
and cumulative damage of the base material are considered (Carpinteri
etal., 2003). This would explain why, in some cases (usually related to high
thrust or to very soft materials), the rate of increase of 6 with F,, is more than
linear. In any case, the value a=1 corresponds to the (experimentally
detected) almost linear dependence of 6 on F,. One should also take into
account that the development of wear-flats (with the advancement) provides
the progressive increase of the penetration stiffness k (see the next section).
From Equation (13), and assuming, as above, that F, = n,f,, one obtains:

Fl/ac
u=—>"— 7 (14)
(nak)"”
By inserting Equation (14) into Equation (12) one gets:
. Fl/ocnlfl/“q')
d=—r—4 * (15)

onkl/*

which represents the optimal kinematic functioning point of core drilling.
Equation (15) implies that, if the drilling process is carried out at constant
angular velocity, the cutting strength of the material does not influence the
drilling velocity because a larger resisting torque (in harder materials) is
automatically balanced by a larger power absorption (¢= P,/ M,), pro-
vided there is always sufficient supply of mechanical power. Of course,
harder materials will require a larger weight on bit to ensure an effective
penetration.

The optimal drilling velocity is proportional to the 1/a-power of the glo-
bal normal force F, and inversely proportional to the same power of the
penetration stiffness k of a single cutter. Note that the drilling velocity,
except for the case when «=1, depends also on the number 7, of active
indenters. In particular, in the case « <1 (disordered soft materials, crush-
ing failure), the exponent of n,in Equation (15) becomes negative, so that
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a smaller number of indenters implies a larger drilling velocity. On the
contrary, when «>1 (hard homogeneous materials, brittle chipping), the
exponent is positive and therefore a larger number of cutters provides bet-
ter performance. Given two different materials (one much harder than the
other), if we attain the same penetration u and the angular velocity ¢ is the
same, the optimal drilling velocity ¢ is the same. Of course this corresponds
to two different values of F, and M, and, more importantly, to different
power expenditures.

Let us suppose that each cutter obeys a linear penetration law. From
Equation (15), by putting o« =1, one obtains:

. I, o
0= k 2n (16)
which tells us that, once the angular velocity is fixed, the drilling velocity is
directly proportional to the global normal force F,, and inversely pro-
portional to the indentation stiffness & of a single cutter. With a linear pen-
etration law, the drilling velocity is not dependent on the number of active
cutters. However, when impregnated segments are used, the number of
active indenters increases (almost linearly) with the normal force F, because
of their different protrusion from the matrix (Borri-Brunetto et al., 2003).
Therefore, a parabolic (global) penetration law can be suggested:

F, = ku? (17)

where kis a parameter depending on the material characteristics and also on
the distribution of indenters over the segments (more specifically, on their
concentration and on their elevation distribution). In this case, the drilling
velocity depends on the square root of the number of active indenters.
Inserting, in fact, the quadratic penetration law (17) into Equation (15),
we obtain:

JE
Vk

5=V (18)

Coupling Kinematics and Mechanics: Definition of the
Drilling Strength

Electrical engines can balance larger torques, at fixed angular velocity, by
increasing the mechanical power supplied to the bit. The characteristic
curves of the engine permit to express the dependence of P,/ M, on the
angular velocity, ¢. Beyond a certain value of the resisting torque, however,
the engine attains the maximum power, and the regime turns to (almost)
constant power control. Further increase of the resisting torque (provided,
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e.g., byincreasing the normal thrust) implies the decrease of the angular velo-
city (the extreme condition ¢ = 0 is the so-called clogging condition). To
obtain a complete description of the drilling process, the kinematic function-
ing point must therefore be associated to a mechanical functioning point.

To define a mechanical functioning point, we need to balance the work
provided by the engine with the work dissipated by removing the base
material through the cutting action. The core drilling process in quasi-
brittle materials, like rock, concrete, and masonry, involves different sources
of energy expenditure. In particular, frictional energy dissipation with con-
siderable heat production occurs, and secondary processes, like fragmen-
tation and milling, also contribute to the total amount of dissipated
energy. The precise determination of each contribution is awkward, since
it depends on the geometrical characteristics of the cutter, on the activated
friction, on the flushing liquid, and also on the operating conditions (e.g.,
normal thrust and angular velocity).

Therefore, the simplest way to proceed is to collect all the sources of
energy expenditure into a single quantity, S, called drilling strength, defined
as the energy required to remove the unit volume of the base material
during a certain drilling process (Teale, 1965). According to this ‘global’
definition, the drilling strength is measured in J/m®, or N/m?, therefore S
has the same physical dimensions of the material’s strength ¢, and Young’s
modulus E. As a first approximation, in fact, the drilling strength S of a cer-
tain material can be considered as proportional to its ultimate (crushing)
stress o,. However, since the drilling strength S depends on the size and
shape of the indenters, it is not a material constant, but undergoes remark-
able size effects (see below).

As shown in Figure 7, the drilling strength can be related to the cutting
force f. By equating the work done by the cutting force f; to the work

FIGURE 7 Simple crushing model for the indenter cutting action.



Downloaded by [bernardino chiaia] at 09:24 25 January 2013

Mathematical Modelling of Mechanics of Core Drilling 13

dissipated by crushing during an advancement v of the cutter, one obtains
the cutting force simply as:

Ji = Sut (19)

Single-scratch tests carried on large hard cutters (=4mm), have shown
that the drilling strength to be used in the formula is one order of magnitude
larger than the usual material’s compressive strength (e.g., S~ 400 MPa for a
reference concrete). A significant size effect is thus encountered in the cut-
ting process. In the case of impregnated segments, in fact, where the size of
the indenting diamonds is much smaller (¢~ 100 um) the measured drilling
strength is close to 1000 MPa. As expected, larger indenters activate less spe-
cific strength. This should be kept in mind in the design of core drilling tools.

Another quantity that can be used as a measure of energy expenditure
is the so-called pseudo-friction coefficient u* =F,;/F,. The drilling strength can
be related to p* by simple balance arguments. The mechanical power
provided by the engine can be expressed by means of the active torque,
as a linear function of u* or as a linear function of S:

M,¢p = p*F,Rp = SAyd (20)

where A,;=2nRt is the circular projected area of the groove. Comparing
the two formulations, using also Equation (16) one obtains:
St
ok

*

u (21)
i.e., the pseudo-friction coefficient can be expressed as a function of the
drilling strength and of the penetration stiffness. For instance, by consider-
ing the experimental values S=350 MPa, t=5mm and k=4.0N/um, one
gets: u*=0.44, which is a reasonable value for a medium-worn indenter.
Equation (21) permits to relate the general kinematic model of drilling
to the simpler Coulomb approach, based on the pseudo-friction coefficient
W =F,/F, (Davim and Monteiro Baptista, 2000).

Having defined the drilling strength S, we can now couple the
kinematic description of the drilling process with the mechanical balance
equation. By equating the externally supplied mechanical power P, to
the power dissipated by crushing the base material, one obtains:

ane(:h = SAbitS (22)

where 1 represents the mechanical efficiency of the engine. From Equation
(22), the mechanical functioning point is given by:

5’ — npmech
S 2nRt

(23)
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Itis important to stress again that the value of Sin the balance equation
is not an intrinsic property of the base material, but depends on the com-
plex interaction of the cutters with the tool (e.g., it depends on the back
rake angle, on the size of the indenters, on the flushing action and on
the relative velocity of the cutting edges).

By equating Equations (15) and (23), the coupled equation of core drilling is
obtained, where the kinematic and mechanical conditions are merged:

Fy}/an}jil/“(pb _ anech o

Onkl/* S 2nRt

The above equation can be specialized for different base materials and for
different wear states as discussed in the following sections. If the character-
istic curve of the engine is known, all the regimes of drilling can be
described. For instance, one can deduce the following relation for the
mechanical power required to maintain a fixed drilling velocity under a cer-
tain thrust force F,;

(24)

b E s

T (25)

The maximum normal thrust (corresponding to the clogging limit) can
be computed as a function of the maximum mechanical power (or, equiva-
lently, of the maximum torque M, ,,4y):

o o
Pmec max M max
Fomax = k ’71—hw =k 17+1/1 (26)
SRin; "'"¢ SRin,;
In addition, the drilling strength corresponding to a certain drilling pro-
cess can be calculated a posteriori from the experimental tests as:

S = anwhkl/a o thkl/z _ M*’?kl/“ (27)
1/0( 1- l/oc(pRt l/oc 1 1/ocle Fé/ocflnlzl/oct

The above equation shows that, when « < 1, if the minimum drilling strength
is pursued, the number of cutters must be as small as possible. The opposite
conclusion applies to o > 1. Moreover, Equation (27) shows also how, if all
the other parameters are fixed, a larger thrust implies a smaller specific con-
sumption of energy (i.e., a better efficiency), consistently with several experi-
mental observations (see, e.g., Miller and Ball, 1990, 1991).

As a final remark, it is worth to remind that the cutting force has been
related to the drilling strength § by means of Equation (19). This simple
approach permits to consider all the energy dissipation occurring in the
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drilling process by means of a single quantity. More refined studies, at the
level of the indenters, should permit to estimate the value of S on the basis
of theoretical arguments.

Fracture Mechanics Effects on the Drilling Strength

The physical dimensions of the drilling strength § ([F] [L]72) corre-
spond to the assumption of crushing (plastic) collapse ahead of the cutter.
When brittle fracture, rather than plastic ploughing, governs the collapse
of the material, a more appropriate parameter should be used, namely,
the fracture toughness K¢, with the anomalous non-integer dimensions
[F[L] ~3/2 Dimensional analysis, in this case, provides:

fi = Kieptu!/? (28)

where p is a non-dimensional shape factor. Rearranging Equation (24), we
obtain the following alternative expression of the drilling velocity:

1
: Fn =1 Pmech
S= () pyr o et 9

(k) " 9nRKcpt (29)

where it can be noticed that the dependence of 6 on the normal force F, is
weaker than in the case of plastic collapse.

The above description, based on Fracture Mechanics, permits us to also
give theoretical basis to the measured size effects on cutting strength, as
already pointed out in a previous article by Chiaia (2001). Let us consider
two different indenters, pushed into the base material by different values of
the normal force (Figure 8). Of course, two different values of the cutting
force f, are induced by the two situations. It is physically plausible to assert
that self-similarity holds in the distribution of the fragments removed by the
ploughing indenters (Carpinteri et al., 2003). The similitude is supported
by the powerlaw distributions of fragments obtained in drilling experi-
ments (Turcotte, 1989). Thereby, assuming the penetration u as the refer-
ence length scale, the volume V; of the removed chip scales as u’, while
the area of the fracture surface A, scales as wl.

The drilling strength S has been introduced in the model as a
scale-independent parameter. Indeed, when the chipping process is discon-
tinuous, the failure criterion must be written in terms of the stress-intensity
factor Kj, to be compared with the fracture toughness of the material, K.
Thus, the cutting force f; has to obey the following relation:

i
K[ = Xu3/2f(x, y, Z) = K[C (30)
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S
Sty l fo ﬁl_.

ff(l) Em—

(a) (b)
fn(z)

Ty Jioy ——

(d)

FIGURE 8 Geometrical similarity in a continuous crushing process (a), (b), and in a discontinuous brit-
tle chipping process (c), (d). The similarity postulates that the size of the removed chip is proportional
to the penetration of the cutter.

where y is a non-dimensional geometrical factor, and f(x,)z) is a non-
dimensional geometrical function.

Dimensional analysis yields, in this case, the following scale dependence
of the cutting force on the penetration: f;o u*/?. This scaling law can also be
justified by the dimensional disparity inherent to the energy balance. The
elastic strain energy stored in the fragment, in fact, scales as 1>, whereas
the energy that can be dissipated along the fracture surface scales as «°. In
the case of plastic crushing, instead, both energies would scale as 1>, The
intrinsic nonlinearity of chipping (which is independent of the penetration
law) implies that a Coulomb-like linear relation is misleading. It has been
observed, in typical drilling experiments (see, e.g., Mishnaevsky 1994,
1995), that the ratio f;/f, increases with u. Due to geometrical self-similarity
of chips, one can assert that the work W done by the cutting force when
removing a single fragment is given by the product of the force times a
displacement: cu (Figures 8c and 8d). Therefore, recalling Equation (30):

W = fieu o< u®/? (31)

where ¢ is a non-dimensional geometrical factor. From Equation (31), one
obtains the following scaling law for the drilling strength:

W 1

where x is a non-dimensional geometrical factor.
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The scaling law of Equation (32) is reminiscent of analogous size-
scaling laws found in several fields of strength of materials. If brittle chip-
ping is the main destructive mechanism, the nominal drilling strength §
decreases with the penetration u or, which is equivalent, with the size of
the indenter, according to a square-root power law. Thus, bigger indenters
are more efficient cutters (i.e., they dissipate less energy in chipping),
although a larger normal force will be needed to ensure their penetration.
These considerations should be taken into account when designing drilling
tools. The square-root scaling law is modified in the presence of soft mate-
rials, because a certain extent of crushing always occurs immediately ahead
of the indenter, and thus the two destruction mechanisms, namely, the plas-
tic and the brittle one, interact with each other (Van Kesteren, 1995).

EMPIRICAL ANALYSIS OF THE WEAR EFFECTS

The most important effect of the development of the wear-flat area is to
modify the penetration law. It has been reported (Glowka, 1989) that the
penetration force f, imposed on a worn cutter at a given cut depth is nearly
proportional to the wear-flat area in contact with the base material [see also
Equation (3a)]. As a first approximation (the exponent o in Equation (13)
is kept constant), we can model the evolution of the penetration stiffness
according to:

k) = ko + C1A(5) (83)

where k is the initial penetration stiffness (i.e., corresponding to a virgin,
sharp cutter), A, is the wear-flat area, function of the advancement ¢, and
C, is a constant to be determined experimentally. The rate at which A,
grows with the advancement depends on the mechanical characteristics
of the base material but also on the drilling operative parameters (e.g.,
rotational speed, normal thrust, flushing liquid, see Nabhani, 2001). The
following asymptotic law can be proposed:

Aul®) = w1+ ) A (34)

where A, ;.. 1s the maximum asymptotic value of the wear-flat area, which is
characteristic of the specific cutter, and (, is another constant, with
the dimension of length, to be determined experimentally. By inserting
Equation (34) into Equation (33), the following wear-dependent pen-
etration stiffness is obtained:

k() = ko + Ci Au s (1 + %) K (35)
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FIGURE 9 Dependence of the penetration stiffness k on the formation of the wear-flat area in drilling,
according to Equation (35) (a). Decrease of the drilling velocity due to progressive wear-flat formation,
according to Equation (38) (b).
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FIGURE 10 Example of measured single scratch test data (dots), for a given cutter configuration, with
the best fit of Equation (35) (continuous line), for f=—20° (a), —10° (b), 0° (c), +10° (d).
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The function in Equation (35), whose graph is depicted in Figure 9a,
can be inserted in the drilling formulae, which become wear-dependent.
For instance, the decrease of the drilling velocity, due to progressive
wear-flat formation at the indenters’ edges, is shown in Figure 9b.

The nonlinear Levenberg—Marquardt algorithm, which is based on the
least-squares method, can been used to fit Equation (35) to experimental
data. For example, some results from single scratch tests with different rake
angles are shown in Figure 10. The measurements were made with a single-
cutter lathe (Moseley et al., 2009). In these tests, the indenter ploughs a
helical groove on the side of the cylinder, with fixed pitch and depth of
cut. In all cases the penetration of the cutter (PCD at different rake angles)
was kept constant at 100 pm.

If we plot the asymptotic penetration stiffness k,,,, obtained from these
experiments, vs. the rake angle, an interesting trend can be evidenced
(Figure 11): positive rake angles require larger normal indenting forces
to keep the required penetration u= 100 pm, and accordingly, the larger
the rake angle, the larger the asymptotic value of k. The conclusion that
would be drawn from these very limited data is that cutters with positive
or null rake angle, although activating a smaller value of the drilling
strength, are more sensitive to wear, compared to cutters with negative rake
angle.

(N/um)

max
@

k

25 20 -5 10 5 0 5 10 15
B ()

FIGURE 11 Asymptotic penetration stiffness £, as a function of the rake angle from the data in
Figure 10.
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THE GLOBAL EQUATION OF CORE DRILLING: ROLE OF THE
RAKE ANGLE AND CLOGGING LIMIT

The dependence of the drilling strength S on the back rake angle can
be expressed by relating the helicoidal theory of core drilling to the geo-
metrical configuration of the single cutter. This dependence is explicitly
taken into account by the static balance proposed by Wojtanowicz and Kuru
(1993), although, in that theory, the cutting mechanism is restricted, what-
ever the back rake angle, to plastic crushing.

Considering the balance Equations (3), and expressing the drilling
strength S as the work of the cutting force per unit of removed volume
along the scratch [see also Equation (19)], we obtain an expression where
S can be related to a reference drilling strength $* measured for f=0:

_ ox Hicosf —sinfB
S(B) =S —

Notice that the trigonometric term (u cos f —sinff) was already present in
the drillability constant K [Equation (9)], as defined by Wojtanowicz and
Kuru (1993). In Figure 12, a plot of the ratio §/S* is shown for the case
u=0.5. Therefore, positive rake angles imply a lower apparent drilling
strength, i.e., a better drillability. It is important to remind, however, that
the above formula, which is based on simple static balance laws, has to
be considered as valid only in a limited range of angles (—10° < < 10°),

(36)

1.5

BN

1.0

S/S*

0.5

0.0

p ()

FIGURE 12 Influence of the back rake angle on the apparent drilling strength.
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because larger values of f imply different rupture mechanisms ahead of the
cutters. By inserting Equation (36) in the drilling model [Equation (24)],
the dependence of the drilling equation on the back rake angle f is made
explicit:

Frl/an[llil/aqb _ N Prech B 5 (37)
onkl/e - S ucosp—sinf OnRt -
M

The above relation shows that the drilling velocity is larger for positive back
rake angles. If also the formation of the wear-flat area is considered [Equa-
tion (35)], one obtains the global equation of core drilling:

Fg/“n;_l/dqb _ anech _ 5 (38)
)_%] 1/a S ucosﬂﬂ—sinﬂ 9n Rt

2n kO + ClAw,max(l + %

From this equation, all the drilling regimes can be modelled provided
the characteristic curve of the engine is known. In addition, one can also esti-
mate the influence of wear on the critical normal force F,, ., which was pre-
viously defined as the clogging force by means of Equation (26). A minimum
value of the normal force is needed to ensure cutting, even with sharp virgin
indenters, otherwise only polishing of the concrete surface occurs. This
peculiar behavior contradicts the classical theories of elastic indentation,
since at the apex of a sharp indenter an infinite pressure is known to exist,
which would immediately originate plasticization or cracking. Experiments
on marble and limestone showed that the surface effectis important at scales
below 100 um (see, e.g., the results described by Mancini et al., 1993).

During the drilling process, a stationary regime is sought, to which an
approximately constant angular velocity ¢ corresponds. This means that, if
the normal thrust is increased, the resisting torque increases but the engine
automatically increases the power supply and the ratio P,/ M, remains con-
stant. After a certain value, there is no more possibility to increase the mech-
anical power. Thus, a new regime comes into play, where P, is approximately
constant. Thereby, if the user increases the thrust, the only possibility to com-
pensate the increase of M, is that the angular velocity decreases.

This implies that, in this regime, the drilling velocity is inversely pro-
portional to F, whatever the hypothesis made for material removal. For very
high values of M,, clogging occurs, and the velocity suddenly goes to zero.
Once the maximum torque (or the maximum mechanical power) is fixed,
one notes that F, .. k(d), thus the clogging limit increases with wear. At
the same time, § increases due to wear-flat formation and the maximum
rate of advancement decreases [see the second term in Equation (38)].
In conclusion, due to wearflat formation, the clogging point C follows
the curve CCj, as depicted in Figure 13.
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FIGURE 13 Influence of wear on the characteristic curve (drilling velocity vs. thrust).

Equation (38) represents a rather general formulation for rotary drill-
ing. The above formula should be compared to drilling experiments in
order to assess its validity and fit the various parameters (o, ko, pt, A, G,
and () to real situations. Once the empirical constants related to the wear
properties of the indenter (and to the abrasive properties of the base
material) are determined, all the quantities involved in a drilling process
can be calculated by means of Equation (38).

As an example, we apply the model to find a priori the drilling strength
S* that is encountered during a hypothetical drilling process with a core bit.
We can use, for instance, the following data, for a core bit with three large
used cutters: P,,;,=2600W, F,=1400N, n,=3, f=-5° ¢ = 415rpm,
R=102mm, {=4mm. In addition, according to typical specifications, we
assume 7 =0.7 as the efficiency of the engine. As a first approximation,
let us neglect the wear-flat formation and let us choose a linear penetration
law, i.e., « =1. We assume the value k=4.5 N/um, which is reasonable for a
traditional concrete, with characteristic compressive strength f;, =50 MPa.
This value corresponds to an average penetration of the indenters
u=104pum and can be considered as a representative value for a medium
wear-flat formation.

According to these values, the model provides $=345MPa. The refer-
ence drilling strength of the base material, which would be activated by a
tool with back rake angle f=0°, would be lower: $* = 294 MPa. Notice that
the value which was calculated a posteriori through calculation of the
removed volume in a test conducted at the Politecnico di Torino [i.e., by
inserting the measured experimental drilling velocity into Equation
(38)], was equal to S=370MPa. There is thus a good correspondence
between the theory and the experiments, which could be further improved
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by taking into account the real penetration law (o # 1) and the effect of
wear-flat formation. Notice also that the value S= 345 MPa is considerably
lower than the drilling strength that is currently measured in classic core
drilling by impregnated bits. We expected this in the presence of large
indenters, due to size-effects and because comminution and milling effects
are substantially reduced.

CONCLUSIONS

In this article, the drilling model by Wojtanowicz and Kuru (1993),
based on the balance of the forces acting on a cutter, has been supplemen-
ted by an original kinematic approach, which takes into account the heli-
coidal nature of the groove. Consideration of a kinematic constraint on
steady-state drilling operations permits to find the optimal drilling velocity,
defined by Equation (15), as a function of the tool parameters and the
thrust applied to the core bit.

If the drilling strength Sis introduced, the purely kinematic description
of the drilling process can be coupled with the mechanical balance equa-
tion, after having obtained the drilling velocity corresponding to the mech-
anical functioning point (Equation (23)).

The resulting coupled equation of core drilling (Equation (24)) groups
the parameters of the tool and the response of the drilled material, and
allows one to evaluate the expected performance of the tool. By using this
equation, the influence of tool wear on the drilling velocity can be shown,
and different drilling regimes can be described. Moreover, the thrust on
the tool corresponding to the clogging limit is evaluated as a function of
the parameters of the engine, the core-bit, and the material.

The global equation of core drilling (Equation (38)) takes into account
also the tool’s wear state (i.e., wear-flat formation, variation of the pen-
etration stiffness). It has been shown also, by means of the proposed model,
how the drilling strength can be estimated on the basis of measurable
mechanical and geometrical parameters.

NOMENCLATURE
Apit projected circular area of the groove
A, cutting area
Ay area of chip fracture surface
Ay wear-flat area
Cc non-dimensional chip length
G, G best fit parameters of the wear law

E Young’s modulus of the base material
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F, total thrust force on bit (weight on bit)

F, total tangential force on cutters

K drillability constant

K stress intensity factor

K¢ fracture toughness of the base material
M, torque on bit

Poch mechanical power supplied by the engine
R radius of the core bit

S drilling strength of the base material

S* drilling strength for f=0

S, crushing resistance of the base material
Sw penetration resistance of the base material
Up empirical wear function

Vi removed volume of base material

Vi volume of the chip

w work of the cutting force for chip removal
I cutting force on cutter (orthogonal to the cutting area)
Joen characteristic compressive strength

Jre frictional force on the cutting area

Jhe frictional force on the wear-flat

i horizontal force on cutter

Jfa normal force on cutter

i tangential force on cutter

Jw force orthogonal to the wear-flat

k penetration stiffness of a single cutter

ko penetration stiffness of a virgin cutter
Ronas asymptotic penetration stiffness

ki, ko, ks, k4, ks empirical constants

ng number of cutters on the core bit

s circumferential spacing of the cutters

width of the cutters

penetration of the indenter in the base material
advancement of cutters in the tangential direction
exponent of the penetration law for a single cutter
back rake angle of cutters

drilled distance in the axial direction

drilling velocity (rate of penetration)

efficiency of the engine

angular velocity of the core bit

non-dimensional shape factors

side rake angle of cutters

sliding friction coefficient between cutter and base material
pseudo-friction coefficient

ultimate strength of the base material

cutting angle (slope of the helicoidal trajectory)
optimal cutting angle

= ™R @

~ =
=

*
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