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Abstract. A numerical technique related to a stationary-periodic quasi-static model of rock percus-
sive deep drilling is presented. The rock is modeled by an infinite elastic space with a semi-infinite
circular cylindrical bore-hole having a curvilinear bottom. An auxiliary problem of stationary inden-
tation of a rigid drill bit is considered first, where it is assumed that the indentation is produced by a
stationary motion of the rupture front on which an appropriate rock strength condition is violated. The
bore-hole boundary is not known in advance and consists of four parts: a traction-free non-rupturing
part, a contact non-rupturing part, a traction-free part of the rupture front, and a contact part of
the rupture front. Thus the problem is formulated as a non-classical non-linear free-boundary contact
problem of elasticity. A multi-stage hierarchical iterative algorithm is implemented reducing the prob-
lem to a sequence of mixed problems of linear elasticity with known non-smooth infinite boundaries.
The Boundary Element Method is used on each iteration step for numerical solution of the direct
boundary integral equations of the axially-symmetric linear elastic problems. Then the stationary-
periodic percussive drilling problem is reduced to the stationary problem on the rupture stage of the
cycle and to the classical contact problem on the reverse and progression-before-rupture stages of
the cycle. A numerical example of the stress and displacement distributions, and progression-force
diagram are presented.

General Model Description

The drill-bit progression in the percussive drilling is caused by a material rupture under the action of
the bit applied at the bore-hole boundary points z(¢) moving in time ¢ due to rupture. This boundary
loading generates stress o (z,t) and strain € (z,?) tensolinTEtTES
point x has Cartesian coordinates (x1,z2,z3) in the non-deformed state. The radius-vector of the
same material point x in a deformed state at a time ¢ is Z(x,t) = = + u(x,t), where u(z,t) is the
displacement vector. We will use all equations in terms the non-deformed (reference) coordinates x
and refer the boundary conditions to the non-deformed boundary surfaces (the Lagrange approach).

Let us consider stationary-periodic percussive drilling of a half-infinite bore-hole, (), spreading
to x3 = oo in an infinite elastic space, see Fig. 1. Let the xs-axis of the coordinate system coincide
with the bore-hole axes, and the drill bit progressive-periodic motion occurs only in the z3 direc-
tion. Let Q(t) = R3*\ (¢) be the domain occupied by the material (i.e. the infinite space with
a drilled out bore-hole) and d9(t) be the bore-hole surface in the non-deformed state, while Q4 (t),
Q(t) = R3\ (1) and 9Q(t) be their counterparts in the deformed state. If the rupture front & Q(t)
constitutes only a finite part of the boundary 99(¢), then the borehole is a semi-infinite cylinder with
a curvilinear bottom being the rupture front & Q(t). Otherwise, the bore-hole has a monotonously
widening shape. If the bit is axially-symmetric then the bore-hole is axially symmetric as well. Let
B(t) be the domain occupied by the bit at an instant ¢, and 9B(t) be its surface.

To describe the material strength of a point x, we will use an instant strength condition at a point
z at an instant ¢ written as

Ao(z,t) <1, zeQt), (1)

where the function A(o) is associated with the von Mises (see expression (25)), Coulomb-Mohr,
Drucker—Prager or another appropriate strength condition. We suppose that the rupture appears in
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Figure 1: Stationary-periodic percussive drilling model

the form of a rupture front & €(t), which is a part of the bore-hole boundary 9€(t). The rupture
front equation can be taken as
Mo(@).h) =1, yed ), 2)

while no rupture will be inside the material domain 2 and on the rest of the boundary, 9 Q(t),
Alo(z),t) <1, yed Qb). (3)
The simplest model can be obtained under the following
Model assumptions:

(i

The deformation gradient is small.

The drilled material is linearly elastic and homogeneous, i.e. its elastic moduli C' = const.

)
)
(iii) The bit is rigid.
) The borehole surface is loaded by the bit at the contact surfaces and is free of tractions at all
other points.
(v) Friction between bit and rock can be neglected.

(vi) The ruptured material, for which strength condition (1) is not satisfied, disappears (is washed
away) thus leaving the fresh rupture front (the bottom of the bore-hole) either free of tractions
or in contact with the bit bottom.

Under the model assumptions, the non-rupturing boundary part 9 €(t) generally consists of the
traction-free non-rupturing part, 9y Q(t), and a contact non-rupturing part, 9, Q(t). Similazlc.dihe

rupturing boundary part & (t) generally consists of a traction-free rupturing part, dy Q(t), and a

contact rupturing part, 9, Q(¢).

Stationary Indentation Model

Let us consider in this section an auxiliary problem of stationary indentation of an infinite elastic
space by a rigid indentor (bit) with an instant bit progression hs(t) (the lowest x3 coordinate of the
bit boundary) in the x3 direction, where h3(t) < 0 and h(t) = (0,0, h3(t)) is the indentor progression
vector.

Let  (z) be a unit outward (i.e. direciiini g e non-deformed

boundary 9€(t). Asshown in [1], the non-rupturing boundary part 9 Q( ) consists of cylindrical pieces
with the vertical axis parallel to the progression vector h, i.e.,

773(:5) = 07 T e a Q(t)7 (4)
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Figure 2: Bore-hole boundary partition

while on the rupturing part of the boundary,
n(xr)>0, zed Q). e

The boundary relations (4) and (5) mean that there is no rupture on the cylindrical part of 082, any
non-cylindrical part of the boundary must be a rupture front and, moreover, there can be no material
above the rupture front (in the non-deformed state).

Summarising conditions (2), (3), (4) and (5), we can formulate them as unilateral nonlinear bound-
ary conditions on the whole boundary,

Alo(z)) =1 <0, (6)
n3(x) > 0, (7)
(A(o(@)) = Dnz(z) =0, x € 0. (8)

Another set of nonlinear boundary conditions is given by unilateral contact conditions that can be
written as a (slightly generalised) Signorini’s problem , cf. [2, 3, 4],
d'(z) >0, 9)
g (z)n (x)n (z) <0, e
NOLAGOIEGUIGEINFIS N

where
d'(&) == (' (F) — & )/ () e

is a (positive or negative) distance between the point # and the bit boundary B in the 7/(x) direction;
the distance is taken positive, when the point Z in the deformed state is outside B and negative, when
it is inside; 7/ (x) is a unit vector making a sk i znal 77 (x) to
99 and can be chosen as convenient for particular applications, e.g., as 1 (z) or 7 (z); and 2* (%) is a e
point on OB such that the vector 2* (&) — 7 lies along 7/ (x).

The strict inequality in (9) and equality in (10) are satisfied at points on the traction-free boundary
o) consisting of 9y 2, dy Q and a junction curve between them, while the equality in (9) and strict
inequality in (10) are satisfied at points on the contact boundary d Q consisting QG —
junction curve between them.

Note that if the displacements u(z) are small, boundary condition (9) can be linearised as

u (@)'(z) < d(x), €09, — S —

where d(z) = (2} (z) — 2 )n/(z) is a (positive or
boundary B in the n/(z) direction in the non-deformed state, and it is known if the contact surface
is known and is to be determined otherwise.
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To solve the stationary indentation problem, it is sufficient to consider it only for ¢ = 0. Thus,
taking into account relations (6)-(9) and dropping the argument ¢ = 0 for brevity, we arrive at the
following non-classical non-linear free boundary problem,

o (z)=0, A1) <, ——————
o (z)n (x)€ (x) =0, T ) ) R

n3(z) =0, d'(z +u(z)) =0, Ao(z)) <1, red O a4
o (z)n ()¢ (x) =0, 0 () S —  — NS} N N N I b ik}

n3(x) >0, d'(z +u(z)) =0, A(o(z)) =1, x €0 an)

o (z)n (x) =0, ]
n3(x) =0, d/(:L' +u(x)) >0, A(o(2)) < 1, x € 0y (16)

o (z)n (z) =0, ]
n3(x) > 0, d'(z +u(z)) > 0, A(o(z)) =1, x € Oy §; (17)

u (z) =0, e

Here

o (@) =0 +C e (@), & (v ) ——
and the constant stiffness tensor C' and the constant in situ stre%

hole are know; £ (), ¢ (z) are unit vectors orthogg .
Condition (18) is understood on almost any straight ray originating from x = 0, thus permitting a
non-zero limit of the displacements as x — oo parallel to the bore-hole.

All the four boundary parts dy 2, dy 2, 0 Q, 0 QL —andeconseckeidlmteiga—arcconerally
unknown in this setting, and the corresponding ”excessive” boundary equalities and inequalities are
provided in (14)-(17) to allow their determination.

After solving problem (13)-(19), the integration of the component o3 ()1 () of the contact trac- S —
tion gives the total axial force P(t) applied to the bit during the progression,

P(t) = / a3 (x)n (x)dS(z ). B ————————————————

T 0

Stationary-Periodic Indentation Model

To model the stationary-periodic motion of the drill-bit, in addition to the Model assumptions (i)-(vi),
let as make the following

Reverse assumption:

(vii) The rupture does not proceed during the reverse stage of the bit motion, i.e. the borehole
boundary consists of the same material points until the load reaches the extremum value during
the next cycle.

Due to assumption (vii), the stress and strain return to the same states during the reverse and the
following progressive stages of the bit motion up to the rupture restarts. This implies the reverse and
the following progressive stages can be considered as some interruptions of the stationary progression
process, analyzed in the previous section, and moreover, the interruptions do not influence the material
rupture. This means the relation between the total force and the bit progression looks as on Fig. 3,
that is the elastic loading stage is followed by the rupture stage followed by the elastic unloading stage.
Generally the elastic stages are non-linear on the loading and unloading stages due to the changing
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contact surface between the bit and the drilled material, and the force is constant on the rupture
stage. The extremum force and strains in the process coincide with those obtained in the stationary
indentation analysis in the previous section.

P

SN DA S

h
Figure 3: h — P diagram in the stationary-periodic instant rupture model.

Then solution of the stationary indentation problem from the previous section fixes the bore-hole
boundary for the reverse stage and gives the extremum values of the contact distribution p(z,t '),
whose integral (20) gives the maximum force P' = P(¢~Jom the pre. ——

To predict the curvilinear part of the h — P diagram, one has to solve the conforming linearly
elastic contact problem with a material boundary 02 known in the non-deformed state, for both the
progressive (before rupture restart) and reverse stages of the cycle (which do coincide). The problem
consists of the following equations,

u (z) — 0,

The overall boundary 992 here is known from the end of the previous progression-rupture stage,
although the boundary partition into the traction-free and contact parts is to be determined for each
hg.

Classical conforming contact problem (21)-(24), (19) can be solved by any of the well known
methods, see e.g. [3]. Particularly, one can use the iteration algorithm similar to the one on the
progression-rupture stage described above, that is, to choose some reasonable partition of 92 onto
0o and 0 Q, solve mixed clasticiisaueblon (21} (94\ (10} podify the partitionof 9Q to-alleviate

Tt

the violation of inequalities in (22)-(24) and start the next iteration.

Numerics

Numerical Algorithm. Different strategies can be chosen to solve this problem, see e.g. [5], [6,
Section 8], [3]. One of the possibilities is the iteration algorithm described below.

The algorithm to solve the stationary indentation (active loading) part of the cycle generally
consists of iterations, each solving a non-linear (due to A) mixed boundary value problem (13)-(18),
(19), where the inequalities are ignored, with some fized boundaries, dy Q, dy 2, 9| Q, 0 Q—and
consequently d(x). The non-linear (due to A) mixed boundary value problem is in tern reduced to
a sequence of linear mixed problems solved by BEM or FEM. Then the inequalities in (13)-(17) are
checked and the boundaries are changed to alleviate the violation of inequalities, and the next iteration
starts. Some more details of the algorithm are given below.

On the first iteration one can reasonably assume that the rupture front coincides with the contact

part of the bit, 0 B, which in tirn.coiacidesarith the bit bottom 9 B {consistirmmmtammimie co
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points with algebraically smallest 3 coordinate, over the points with the same (1, z2) coordinates),

Le. 07 Q = 0 B olleBeidimilisietteidesnaiamgy—c o o ct—eithoutruptare—te—0 Q- —{_Lhasg

assumptions imply that the borehole free boundary 9 €2 is the semi-infinite cylindrical surface ended
by the bit bottom, on the first iteration. Then the algorithm can presented as a following (inside-out)
sequence of imbedded iterative process.

Active loading iteration algorithm:

(i) Solving mixed problems of linear elasticity for a homogeneous medium with prescribed boundary

tractions on aﬂ\a Q7 and zerasheardractions and nraseribed normal displanamants on-o \Q,

by a BEM/FEM code.

tion A=1ond; Q.

(iii) Iterative alternating algorithm to satisfy the contact conditions and determine the contact

rupture-free part of the boundary, 9, €.

(iv) Iterative algorithm to determine the non-deformed contact rupture boundary, 9 €, of the hares

hole 01, using the known bit boundary and and the material boundary displacements from
previous iteration step.

(v) Iterative algorithm to determine the non-contact rupture front boundary, dy €2, excluding ma-
terial at the zones where A > 1 and adding material to the non-contact rupture front boundary
Oy €2 where A < 1, at the previous iteration step.

After solving the active loading problem, the computation of the unloading part of the percussive
drilling cycle includes only one iteration process,

(vi) Iterative alternating algorithm to solve the conforming contact problem for the unloading and
non-active loading stages.

Axially Symmetric BEM. In numerical applications we considered the case of axially-symmetric
drilling bit, and the mixed problems of linear elasticity lying in the foundation of our multi-stage
iteration algorithm were reduced to corresponding axially symmetric direct boundary integral equation
(BIE), see e.g. [7], on a semi-infinite (in the axially-symmetric setting) boundary of the bore-hole.
The boundary element method with linear boundary elements has been used for numerical solution
of the BIE. The boundary element mesh was uniform on the curvilinear part of the bore-hole and
the adjacent vertical part of the boundary of approximately the same length, then the element size
increased and the mesh ended with a semi-infinite boundary element. Tractions and displacements
have been linearly approximated over all boundary elements except the semi-infinite one and the finite-
length boundary element adjacent to it, where special approximations based on the known asymptotics
of the solution and BIE kernel at infinity have been employed.

Numerical Example. In the numerical example presented in Fig. 4, 5, 6, the Von Mises strength
condition was used, giving the following expression for A,

V3o o —ooa \(01702)2+(ﬁ%
Moo= - /0 o ?
= —

V2o

s to—strenath ratio

where o is the material gfrongtb o dor ynisgvial loadine ¥ "
E/o = 200, and theRaissonekation + — 0.25 were used—in-theealeulations—ef (81 Tho 4n sty
stress has been neglected, ¢° = 0. The drill-bit with the sphgz - = : i
analysed.

Fig. 4 shows the numerical h — P diagram, One can see that after about 20% nonlinear growth,
the force increases virtually linear with the bit progression. Fig. 5 and Fig. 6 present distributions
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Figure 4: Numerical h — P diagram for spherical bit and linearly elastic rock
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Figure 5: Boundary pressure distribution vs. arc length s
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Figure 6: Boundary normal displacement distribution vs. arc length s

of the normal pressure and displacement, respectively, along the bottom of the bore-hole verses the
boundary arc-length, at different values of bit progression.

In the performed calculations, we followed the multi-stage iteration algorithm described above,
except item (v). This led to material overload (Ay | = 1.04) on small 0.05R x 0.07R zone adjacent to
the upper end of the contact rupture front 0 ). This averload anpeaeiagin-internal material-points
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may be disregarded since the effective strength there is higher than in the contact boundary points
due to action of the bit inserts on the boundary implicitly taken into account by this way.

Conclusions

A stationary-periodic quasi-static model of percussive drilling and an example of its numerical reali-
sation are presented. The cycles of the bit progression — force diagram consist of three stages: elastic
loading, constant-force rupture progression, and elastic unloading parallel to the loading. The problem
is split into a stationary free-boundary non-linear problem for the rupture stage of the cycle, and a clas-
sical contact problem for the rest of the cycle. A multi-stage iteration algorithm is described reducing
the solution to a sequence of linear mixed problems of elasticity. These linear problems can be solved
by a general numerical method, e.g. the FEM or the Boundary Integral Equation Method. The latter
method has been numerically implemented. As a result, this provides a nonlinear progression-force
diagram, which is to be used in the bit dynamic motion prediction.
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To take into account the damage zone, propagating ahead of the rupture zone, the rock material
can be modeled as an elastic continuum with damage, decreasing the rock stiffness in the damage
zone [9]. Extending the iterative algorithm, with an iterative stage taking into account damage, this
non-linear problem is also reduced to a sequence of linear elastic problems solvable by the Boundary
Integral Equation Method [10].
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