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half-space, Lame equations, | method relative to a system of the Lame equations in the cylindrical coordinates asso-
generalised Fourier method. ciated with the cylinders and the Cartesian coordinates related to the half-space. An
infinite system of linear algebraic equations, to which the problem is reduced, is solved
by the truncation method. As a result, displacements and stresses in an elastic body are
found. Numerical results are presented for the case of a half-space and two cylinders.

Introduction

When designing different kinds of structures in rock and geotechnical mechanics, one has to know the
stress-strain state of a half-space with cavities if loads are specified on the boundaries of the cavities and the half-
space. Such information can be obtained by solving the relevant elasticity theory problem. Presently there are no
ready-made solutions to such problems for a spatial variant, and hence, the problem of solving them is actual.

Review of publications

Spatial (3-dimensional) elasticity theory problems for bodies bounded by canonical surfaces (second-
order surfaces: cylinder, cone, sphere, ellipsoid, paraboloid, and others) were investigated in [1-4]. The exact
solutions in those studies were obtained exclusively by using both the method of separation of variables and the
Fourier method. Problems for elastic bodies with several boundary surfaces cannot be solved within a classical
framework. Such problems required that the generalised Fourier method [5-8] be used. That was why the ap-
proach to solving the problem indicated in the title of this paper was developed on that very method.

This article is a continuation of the author's work: the first basic problem for space with round cylin-
drical cavities, based on the generalised Fourier method, was considered in [9]. A mixed problem for space
with cylindrical cavities, when displacements are specified on the boundaries of some parallel cylindrical
cavities; stresses on others; tangential forces and displacements on third ones, is considered in [10]. In this
work, unlike the author’s previous ones, a half-space is considered. In studies [11-15] the generalised Fouri-
er method was also used for transversely-isotropic bodies bounded by coordinate surfaces in cylindrical and
parabolic coordinates with a force applied to a half-space boundary. Paper [16] considered the first basic
problem in the theory of elasticity for a half-space with one cylindrical cavity and the following conditions
on the half-space boundary o, = f(x)-cos(Az), t,, =t,, =0.

Obijective of the paper-

The objective of this paper is to analyze the stress-strain state of a half-space with several cylindrical
cavities parallel both to each other and the half-space boundary, as well as their mutual influence. To achieve
this objective, the generalised Fourier method is used. The problem is being considered for the first time.

Problem statement

An elastic homogeneous half-space has N number of round cylindrical parallel cavities non-intersecting
each other and the half-space boundary. The cavities will be considered in the cylindrical system of coordinates
(Pps®,,Z, where p is cylinder number) and the half-space — in the Cartesian reference system (x, y, z), which is

oriented identically and linked to the system of coordinates of the cylinder with number p=1. The half-space
boundary is located at distance y=h, with the equalities for the half-space boundary Sq4: y=h, and those for the sur-
faces of cylinders: Sp: p, =R,,. Stresses are specified both on the half-space boundary and on the boundaries of

the cavities which are assumed to decay rapidly to zero far from the origin of coordinates. One has to find a solu-
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tion to the Lame equation Al+(1-2c)"Vdivi=0 provided that the stresses fp((pp,z) are specified on the
boundaries of cylindrical cavities, p=1, 2, ..., N; (pp,(pp, Z) p is a system of local cylindrical coordinates, and
the stresses f,(x,z) are specified on the half-space boundary. The vectors f, ((pp z) and T, (x,z) are assumed to
decay rapidly to zero along coordinate z far from the origin of coordinates.

Method of solution
In the given systems of coordinates, we take the basic solutions to the Lame equation:

G (M) =N (Mg, (k=12,3), (1)
M )N )™, )N 7)), k=123 o
NGO =Ly, N =2 o161 Lv(y.), Ngd):lrot(é§1>), U= (M ;0 p) = ez
) A A )
1 1 0 A i
N, ==V, N{P) = X{V(p%Jw(c—l)(V—eﬁ) EH, N{P) =%rot(e3(2)),

5u(pyi1)=ion V) K, (Wp, ), v =12+ 12, —o <A <on,
where M, =(x,,z) is a point in space in the Cartesian reference system linked to a half-space; M, = (pp,(pp, z)

is a point in space in the cylindrical system of coordinates linked to the p-th cylinder; éj(k), (j =1,2,3) are the unit
coordinate vectors of the Cartesian (k=1) and cylindrical (k=2) systems of coordinates; o is the Poisson ratio;
1,(xp), Km(|k|p) are the modified Bessel functions; Fik’m, §k’m, (k =1,2,3) are respectively the internal and ex-

ternal solutions to the Lame equation for a cylinder; Ué’), Ulﬁ*) are solutions to the Lame equation for a half-space.
The solution is presented as follows:

3 N 3 ¥ o

U= ”H )- G M2, wdudn + D> [ S BER)- S (M i i, 3)

—00—00 p=1 k=1 _xm=—0

where Sﬂk'm( ) and Uﬁ* Md A, M) are the basic solutions specified by the formulas (1) and (2), and the

unknown functions H,(1,1) and B{?)(1) are to be found from the edge conditions.

h

Xp= lgp cos Ogp

Xg fp = fqp sin Ogp

J?p

Fig. 1. A half-space with cylindrical cavities
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The following formulas are used for transition between the coordinate systems (Fig. 1):
— for transition from the coordinates of cylinder with number p to the half-space coordinates
- - m o0 L _
S, (M 52) - L5 = ) f o G e dT“ k=13,
(4)

—1pX,+7Y, d

s},m(Mp;x) '5'9” j@ [( u——+x’-y j*(>—x~’-u§-)+4u(1—c)ﬁ§-))ey—2“,

where y =A% +p* |, o(h,u)= “; ,y>0, m=—o0...0;

— for transition from the half-space coordinates to the coordinates of cylinder with number p

0

6= 300 R, (k=13),

m=—o0

U£+) = eillip“/yp i[(l : (D)m ' }\‘_2 (m U Iil,m +v- IiZ,m + 4“(1_ cS)I§3,m)+ yp : (I : (D)m Iil,m]’

Mm=—c0

©)

where ﬁk’m by (pp,k) e(”“’"*“) X,, Y, are the coordinates of the cylinder p relative to the first cylinder.

a”(pp’}”):ép ' Ié(kpp)+i' In(’”pp)-(é“’%+é2},

Pp

a0 )= -[ao =3 11(ip, 4 2, 1200 6.0 m[.,;(xppp4<;p—1>.n(xpp)}ézmpp.;(xpp),

a;n(pp,x):{ Lo, ...;(xpp)}

p
— for transition from the coordinates of cylinder with number p to the coordinates of the cylinder q

(M yi2)= 2B oy €7, k=123

N=—0

6P )= (1" Ky o (1 pq) ™5 by (pg ),
B754(Pa)= (-1 Ko (- gy )€™ by g, 2., ©
bzqu( )_( 1) {Km n(M ) an(quk) 2€pq [ m- n+l( ) lZm n1 M ] bl an )} g/(m e

where o, is an angle between the coordinate axes and the segment £, K., (x)= (sign(x))" - K, ().

Having satisfied the edge conditions on the boundary Sq of the cylinder g in the solution (3), we re-
write Jﬁ*)(Md) in the system of coordinates of the cylinder p=qg using the formulas (5). For each cylinder
p=Q, We rewrite §k’m(M p;x) using the formulas (6). Taking into account the basic solutions (2) for the cyl-
inder p=q, for this equation we apply the stress operator

FU=2.G- i-divl + 20+ < (fxrotd)|, )
1-2.¢ on 2
where fi is unit normal vector to surface Sq; G is shear modulus; ¢ is the Poisson ratio. This yields the equa-

tion for H,(1,u) and B{%)(1) on the cylinder g, which we designate as
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Pg=Ry f:1(([’(1’2)' (8)

q
Satisfying the edge conditions on the boundary of the half-space Sq in the solution (3), we use the
formulas (4) to rewrite §k,m(M p;k) for each cylinder in the half-space system of coordinates. Taking into
account the basic solution for a half-space (1), we apply to this equation the stress operator (7) to obtain
equations for H,(i,u) and B{?)(%) in the half-space, which we denote as

FU‘yzh = f,(x,2). 9)

We free (9) from integrals and series, and find the expression for H,(x,u). Having freed (8) from inte-
grals and series, we substitute it into the expression for Hs(x,p) . This yields a vector equation. If now we pro-
ject this vector equation onto the axis of coordinates, this will yield a set of 3-N infinite systems of algebraic
equations for Bs(v’ﬁn)(k). For the systems obtained, one can prove their unique solvability. Moreover, one can solve
these systems, using the truncation method, and converge approximate solutions to an exact one [16]. The un-
knowns B(")(.) found from the systems of equations are substituted into (9) to yield the unknowns H,(x,p).

Numerical results for two cylinders
We have two parallel cylindrical cavities in a half-space (Fig. 1). The space is an isotropic material, the

Poisson ratio 6=0.35, the elasticity modulus E =2 kN/cm?. The half-space boundary is located e =R, +h

from the cylinder g. On the cylinder boundaries, the stresses cé”) = GE,Q) =0; IE,’;) = rgj,) =0; rg’;) = rgl) =0 are

yz

specified, on the half-space boundary o'¢) = —(10‘4 (22 +102)2)-(1O‘4 (x? +102)zj ;7@ =9 =0.

The obtained infinite system of equations was reduced to a finite one for the parameter m — system
order (the parameter m is investigated in [14]), the integration limits for the given function having been taken
from -1 to 1. The integrals were calculated using the Philo and Simpson quadrature formulas. The accuracy
achieved to satisfy the boundary conditions due to these parameters was brought to 10,

To analyze the mutual influence of the half-space and cylindrical cavities, 6 variants of geometric
parameters were calculated.

Variant 1. Cavity radius R,=50 cm, cavity radius R;=10 cm, agp=3n/2, h=40 cm. Fig. 2 shows normal
stresses in the bridges: in fig. 2, a — between the cylinder g and the half-space boundary, and in fig. 2, b — between
the cylinders. Fig. 2, a depicts the graph of normal stresses in the bridge between the cylinder g and the half-space
boundary, whence it can be seen that in moving away from the half-space to the cylinder, the stresses ¢, and o

decrease gradually, and inthe end o, and o, become tensile ones. Fig. 2, b shows that, from the cylinder q to the
cylinder p, the stresses o, and o, first decrease and then, as a result of the space being weakened by the cavity p,

they increase and on the boundary of the cylinder p become even greater than on that of the cylinder g, the stress
o, in this interval, due to redistribution of stresses, demonstrating a slight increase.

Variant 2. Cavity radius R,=30 cm, cavity radius R;=10 cm , 0g=0, h=40 cm. Normal stresses in the
bridges are shown in fig. 3. In this case, the cylindrical cavity p is located on the horizontal axis together
with the cylinder g and, as compared to the first variant, has no effect on the stress in the bridge between the
cylinder q and the half-space boundary (Fig. 3, a). The stresses between the cylinders (Fig. 3, b) decay as
they approach the cylinder p.

Variant 3. Cavity radius R,=10 cm, cavity radius Rq=10 cm, agp=3n/2, h=40 cm. Normal stresses in
the bridge are shown in fig. 4.

As compared to variant 1, the radius of the cylinder p is reduced, which affected the stresses in the bridge
between the cylinders (Fig. 3, b): on the cylinder g both o, and &, increased; on the cylinder p they decreased,

and o, increased, becoming more pronounced.
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Fig. 2. Normal stresses for the cylinder q in the bridges in plane z=0:
a — between the cylinder q and the half-space boundary; b — between the cylinders
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Fig. 3. Normal stresses for the cylinder g in the bridges in plane z=0:
a — between the cylinder q and the half-space boundary; b — between the cylinders
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Fig. 4. Normal stresses for the cylinder g in the bridges in plane z=0:
a— between the cylinder g and the half-space boundary; b — between the cylinders

Variant 4. Cavity radius R,=10 m, cavity radius R;=10 m, og=37/2, h=20 m. Normal stresses in the
bridges are shown in fig. 5.

As compared to variant 3, both the distance between the cylinder g and the half-space as well as that be-
tween the cylinders decreased, which had a substantial effect on the stresses between the cylinder g and the half-

space boundary (Fig. 5, a): on the cylinder q the stresses o, and o, increased, and in the half-space the stresses
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o, increased. In the bridge between the cylinders o, decreased, o, decreased on the cylinder g and increased on

the cylinder p, o, increased slightly.

Variant 5. Cavity radius R,=200 cm, cavity radius Rq=10 ¢cm, aq=371/2, h=40 cm. Normal stresses in
the bridges are shown in fig. 6.

As compared to variants 1 and 3, the radius of the cylinder p increased, imitating the half-space.
These changes have little effect in the bridge between the cylinder q and the half-space boundary (Fig. 6, a).

In the bridge between the cylinders (Fig. 6, b), as the radius R, increases the stresses o, decrease, on

the cylinder g, the stresses o, and o, decrease, however they increase on the cylinder p.
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Fig. 5. Normal stresses for the cylinder g in the bridges in plane z=0:
a — between the cylinder q and the half-space boundary; b — between the cylinders
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Fig. 6. Normal stresses for the cylinder g in the bridges in plane z=0:
a — between the cylinder q and the half-space boundary; b — between the cylinders

Conclusion

With the help of the generalised Fourier method the spatial problem in the theory of elasticity when
stresses are specified on the half-space boundary and on the boundaries of several parallel round cylindrical
cavities is solved. The problem is reduced to an infinite set of systems of linear algebraic equations.

The numerical analysis of the algebraic system for two cylinders and a half-space allows asserting
that its solution can be found with any degree of accuracy using the reduction method. This is confirmed by
the high accuracy of satisfying the boundary conditions.

The graphs show the pattern of stresses in the body in the most interesting zones. They also give a
representation of the mutual influence of cylindrical cavities on each other in the half-space, and the mutual
influence of the half-space and cylindrical cavities.

Within the topic of the study there is a possibility of a further consideration of problems with mixed
boundary conditions, when stresses are specified on some boundaries and displacements are specified on the others.
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