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A singular integral equation is examined, This equation is generated by some mixed
problems of the plane theory of elasticity, in particular by problems dealing with the
contact between two bodies when friction or complete cohesion are present in the con-
tact region, General properties of the solution of this equation are investigated, The
initial singular equation is reduced to Fredholm’s integral equation of the second kind
through application of regularization by means of the solution of the characteristic equa-
tion [1]. For the condition where the kernel is small the resolvent is found for Fredholm’s
integral equatfon of the second kind,

Problems of interaction between a stamp and an elastic isotropic strip are examined:
displacement of the stamp in the presence of friction between the stamp and the strip,
and the impression of the stamp into the strip in case of complete cohesion in the region
of contact (*), Solutions of these problems are obtained in the form of power series of
a dimensionless small parameter which characterizes the relative length of the contact
region, Boundaries for uniform and absolute convergence of these series are established,
Examples are presented,

1, Let us examine the following singular integral equation:
1 1

I{o@ume—na— ¢ {e@muls—tid=0(p, lsj<t ¢
1

—1

*) Analogous problems on interaction of a stamp with an elastic half-plane were exam-
ined in a number of papers by other authors (see, for example, appropriate problems and
their reviews in [2]).
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where

8 (s, ) = —éf(x)———Sw(E)k(xE L (1.2)

Here @(z) is the desired function, §f(x) and k(x, E, u) are given functions. Let us
assume that the second derivative of the function k(z, §, p) with respect to variable
z is bounded in the rectangle {—1<Ca < 1, —1 < § < 1} for all values of para-
meter p & [0, oo). It will also be assumed that in the general case the functions @(z),
f(z), k(z, &, p) .and the parameter @ are complex (*).

Some plane mixed problems of the theory of elasticity, for example contact problems
of two bodies, are reduced to integral equation (1,1), In this connection the case § = 0
corresponds to the absence of friction in the region of contact; 6 = kA indicates the
presence of friction forces in the contact region, and 6 = iA corresponds to complete
cohesion in the contact region., Here k is the friction coefficient, A = (1 — 2v)/2(1~-v),
and v is Pofsson's ratio, The case 9 (z, u) = 8f () corresponds to the problem of an
absolutely rigid stamp being impressed into an elastic half-plane under conditions of
contact examined above,

Differentiating both parts of Eq, (1.1) with respect to 7, we arrive at a singular inte-
gral equation with constant coefficients, The equation has the form (47, 5) of [1}. The
solution of this equation is given by expressions (47, 12) and (47, 13) of the same refe-
rence, For this case the solution takes the form

Q) = (4g)" (g + 12X (2) ¥(z, p), lz|<<1 (1.3)
where \
; _ & Ewde o0 (@, u)] _
$(@w=C— [ _ﬂ Pl — e LW ¢4 59, (2) +
l
e+ k' Ew) k(6w
1
iy — b EdE i@ _L+ip
B (@) == SX(E)(E-—:::) "o ¢=T—m (1.4)
X(z) = (1 — )yl +z)'e, o= (2ni)llgg (1.5)

(C is an arbitrary constant),
It is convenient to introduce here the following integrals which will be needed later,
These integrals are readily computed by the method proposed by Muskhelishvili [2]
Sect, 110, Chapter VI, Not 1 _
(Se apter oel) , S £ dt M 2VE
n

XOC—2 —0X@ “z+1 Panl@
1

Po@= 1o iz, P (®=0 (3=0,12..) (1.6)
k=0

*) without loss of generality this treatment was limited to the case (1.2) in order to
abbreviate the writing of equations, However, the regular integral term in the right side
of Eq. (1. 1) can contain real and imaginary parts of function ¢ (z), 1. e,

vz, B =—05f (z) — S (k (2,8, W) @ €) + ka (z, & p)Re@ (§) + Ky (2, §, 1) Imp (5)] 48
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= —0z ""X(x)+ s (@)

t—=zx

S, ()= 2 Bpos?t, S_p (@) =0 (1=0,1,2,..) .n
Kk==0
n—jn—j—1

=___.2 (— )™ic JH H (__—(o-}-p\‘,}(-%——}-m-}-q)
=0 q=0 !
In the case where the upper limit of the product is equal (-1), the product s taken
equal (+1),
Utlizing Eq, (1,6) for » = 0, we can write expression (1.4) in the form

Y W=C+2Veg@E+1)" P8 = p —J(zp (1.8)
1
F (z, &, wd 0 (8, u) — 8 (=,
"(’”'P'):TQ—%)E—E' Fz € p=—LC “;'_z(z L2 (1.9)

-1

A theorem is given below which establishes some general properties of the solution of
the integral equation (1.1) as a function of properties of the right side,

Theorem 1,1, If function ¥z, p) € Hn*(—1,1) for any fixed value of para-
meter u < [0, oo), then the function P(z, p) & CC*V (—1,1) for all pl0, ](*).

In Eqs, (1. 8) and (1. 9) let us fix the arbitrary values of parameter p and it will be
omitted in the proof of the theorem,

It is apparent that the statement will be proven if it is shown that J (zy<= €71 (—1, 1).

Differentiating the integral (1, 9) with respect to z (n — 1) times and utilizing Eq,

(7. 4) of 3], we obtain . 1 N
n— (€, =) d§,
J( ])(.‘B) 18 SX(E)IE__on

where the function N (§, z) satisfies Hblder s condition with respect to both variables,
while ¢ s an arbitrary value contained in the interval 4 — A <o <1.

Taking into account that the function under the integral X~ (§)} N (§, #) is bounded
with respect to both variables, the uniform convergence of integral (1.10) is not difficult
to establish, Consequently, J(""Y (z) &€ € (—1,1), which proves the theorem,

Let us now turn to integral equation (1,1),

Let f(z) : H,* (—1,1). By virtue of assumptions made earlier with respect to func-
tion k(z, E. p) we obtain on the bdsis of Theorem 1 that the function P{(z, p) ¢ C
(-1, 1, and the operator

(1.10)

€+ 1 { 1 ¢ kS(LE Yt k;maw]
L =8Er Slx@)/(&)[T_l;(,)(t_,,—e AL PRy

*) Here H, (—1,1) designates a class of functions,the nth derivative of which satisfies
the Holder condition on the segment z € [—1,1] with the index A, €' (—1,1) isa
class of functions which on the same segment have a continuous nth derivative,
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in expression (1, 4) operates in C (=1, 1). In this connection the singular equation (1.1)
is reduced to Fredholm's integral equation of the second kind (1, 4) with respect to a
new unknown function Y(z, p,). On the basis of Theorem 5 (Section 5, Chapter IV) of
[4] we obtain that in the case when || L|| <<1, the solution of Eq. (1,4) assumes the

form (*) ©
P=_2) L*,, $(z)=C+ 80 (z) (1.12)

k=0

and serfes (1,12) converges uniformly and absolutely for all values of parameter u, which
satisfy the following inequality

(LI + 20| {max |k, (2, § w)| + (=, E e[—1,1]) + (1.13)
+Y3)1 — 20| max | k=" (z, §, 1) |} <1

Let us examine some problems on interaction of a stamp with an isotropic strip of the
width A for the case where planar deformation occurs (transition to the case of plane
state of stress is accomplished according to known equations).

Let 2a be the length of the contact region, Dimensionless coordinates (z', y’) are
introduced according to equations # = az’, y = hy’ such that the strip occupies the region
{—oo <z ooy —1 ) <0} and the origin of the coordinate system coincides with
the center of the contact region: —{4 <z’ < { (= 2a/ A is the relative length of th
contact region), The problem will be examined below in dimensionless coordinates
(z', ¥') with omission of primes,

2, Let us examine the problem of equilibrium of the stamp on the boundary of the
strip in the presence of friction in the contact region, Let us assume that under the stamp
T (z) = —kgq (z), where ¢ (z) and t (z) denote distribution functions of normal and tan-
gential stresses, respectively, developed under the stamp (k is the friction coefficient,
assumed to be constant), Let us assume further that additional loading is absent outside
the stamp and that the opposite boundary of the strip rests on a nondeformable base with
the following conditions: (a) absence of friction between the base and strip; (b) com-
plete cohesion of boundary pofnts,

Through methods of operational calculus using the Fourfer transform, problems (a) and
(b) are reduced to the determination of the unknown distribution function of normal
stresses ¢ (z) in the contact region from the following integral equation:

1

Ve@KmE—a1e=—0/@. |=1<t @1
=1
where o0
1 du
K () = TS [L1 (u) cos wtu + kALs (u) sin ptu] - 2.2)
0
sh®u chushu —(1 —2v)1u
(@) L= gymuru LE= chushu +u

, %chushu—u xsh®u — (1 —2v)"1u*
®) L) =h oy rera—2p LW=yauirwra—op &3

A== (1—2v)/2(1 — V), x=3—4v, 6 =E[2 (1 — )

*) The operator L* denotes successive application of operator L (1,11), For example,

L (L o) = L.
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Here f (z) is the settling function of boundary points of the strip under the stamp, E
is Young's modulus, and v is Poisson's ratio,
Let us separate the characteristic part from kernel K (¢) of the integral equation(2.1).

We obtain g (u) = 27 kAsgnt — aMlop |t | — k)] (t=z — &) (2.4)
The function o d
k() =\ {[Lx (8) —1] 005 6 + €™ + kA [Ly (w) —1] sin ou} — 2.5)

0
is continuous together with all its derivatives with respect to ¢ on the segment ¢ &
€ [—2p, 2u] for any fixed value of parameter p & [0, oo).

Substituting expression (2, 4) into Eq, (2.1), we arrive at an integral equation of the
form (1,1), where @ = kA and k (=, &, p) = k[p (z — §)]. Regularization of the latter
by means of the solution of the characteristic equation leads to Fredholm's equation
(1.4). It follows from (1, 3)—(1. 5) that the solution of Eq, (2.1) can be represented in

the form o () wm [1 4 RAPI? X (2)9 (2, B, Pz p) =1 )+ (z, p
X(@=(—az)"" 14 2) ", o=z arctg kA (2.6)
where Yo (2) is the solution of the corresponding problem for the half-plane, The term
V' (2 ) is due to the presence of boundary of the strip on the opposite side from the
stamp, It follows also from (1, 4) that the smaller the parameter p (the wider the strip),
the smaller the contribution of this term, From properties of function (2, 5) on the basis
of Theorem 1,1 we find that ¢! (z, p) € €™ (—1, 1) for all p € [0, o). Equation(1,12)
gives asymptotic representations of function ¥ (z, p) for small values of parameter L.
In this connection we find from (1, 13) that the series (1,12) converges uniformly and
absolutely for —max | k' (6)| 4+ R (5; a)
B < Mo, Yo = (I —2a)max | k" (s) l ('—‘°°<5<+°°) 2.7
R (0; @) = [(max |k (0) )} + 2(1—2a) (1 + 20)" max | &’ (o) |]'"2
For calculation of quadratures in expression (1,12) the function k (6) is expanded in
Maclaurin series, We obtain oo 0

kE) =D a5 =D a1’y (—2<y=2r—E<2  (2.8)
=0

§=90

¢ —-U (— 1)m—1 ¢
=S (L1 (u) —1 e du, a2m—1=kA(gT_T)|'S [Ly (@) — 1] 122 du

0 w 0
_ = o™ am-1
=G S [L1u) — 1] u*™ " du m=1,2,...) (2.9)

0

The series (2, 8) converges uniformly and absolutely for att p <1.

Now substituting (2. 8) into expression (1, 12), computing quadratures from Eqs, (1. 6)
and (1, 7), and collecting coefficients for identical powers of parameter p,we obtain
that the solution of integral equation (2,1) for small values of parameter p has the
form (2, 6), where

%am

Y@ W= w;@, Y@ =C+5% () 2.10)
J—O
b; (@) = Z sa 2 (— 0 Ch g, josParn @ (> 1) (211)

r=1
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Coefficients Vn,j are determined from recursion relation

l ~ .
Ty = 2 sa 2 (— 0 C Ay ey atars B IZ To—pBrep (2.12)
s=1 p=0
1

1
g+l 0 .o [1 ¢ f@d 7@
=0, +8 s S”@[u SX(t)(t—a) "’X(z)]‘”'

Here the series (2.10) will converge uniformly and absolutely for all p <p ==
= inf {1, pe}.

The constant C is determined from the given force Q which impresses the stamp using
the following equation: 1

[oe]
_ SO N~ N 2.13
Q= Slq(x)dx—lfiﬂm)’ g‘,“"" @13
In the case where f (z) = —4, 2" (n = 0,1,2,...) we will have for v, 4 in equations

(2.11) n
Tr, 0= Co, +6nd, Vit (k) Z Tn-p 6r+1J
p=0 (214
Py (@) =C +8nA, V1 F (KA} P, (z)
For k4= 0 (then a = 0) we obtain the solution for the ideal case where the friction
is absent [5].

8, Let us examine the problem of impressing the stamp into an elastic strip in the
case of complete cohesion of boundary points of the strip in the region of contact with
the base of the stamp, It is also assumed that there is no additional loading outside the
stamp and that the opposite boundary of the strip is in condition (a) or (b) of Sect, 2,

In the same manner as above, these problems are reduced by methods of operational
calculus to the determination of normal g(z) and tangential T(z) stresses, which develop
under the stamp, from the singular integral equation

1 1
Vo®KinE@—1d 4+ \ Imo® ki lp (e — D1 dE = — 8/ (2) (3.1)
—1 —1
P@) =4q()+it@@), |z|<1
Lo ]
ky () = S Lg(u) cos sudu

(a) Ls(u)= — (chushu 4 u)™ (3.2)
(b) Lg(u)=2[%ch?u + u? 4 (1 — 2v)?]7?

Here the function K(W, #) (¢ = & — &) has the form of (2.2) and (2. 3); in this case
in Eq, (2. 2) the constant £ = i the imaginary unit; the remaining notations have the
same meaning as in the previous case,

Separation of the characteristic part in the integral equation (3, 1) leads us to an equa-
tion of the form (1.1) in which § — iA and

1 . 4 (2, p) = —06f(z)— (3.3)
1 . )
— Ll e@rinE—Drdi+i § Imo@ ki tn@— D1 at)
—1 —1
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Here k(o) [0 = p(z — E)] in the first integral coincides with (2. 5), where it is
appropriate to write k — i.
After regularization or this equation we find that its solution has the form

@ (2) = (4) (% + 1)* X (2) ¥ (z, B) (3.4)
X@=(1—a)y"s 8l )y, B=2n)"lnx
In analogy to previous development it is possible to show that the function Y(z, p) =
= o(z) 4+ $'(2, p), where P, (z) is the solution of the corresponding problem for the
half-plane, and $X(z, p) & C® (— 1,1) ,for any fixed p € [0, o) and when
p — 0, approaches zero uniformly with respect to 2, For small values of parameter 1
the function y(z, p) has the form (1,12), where

1 1
= ) 1 (Kulp@—8)ide .\ r [pz—8)
vr=p B x@r@ [ S - a g oy

1 1
i\ X@ImfE [& (B0 WIe=Olg) o)
-1 =1

whereby we find from (1, 13) that the series (1.12) converges uniformly and absolutely

for - —max| ()] 4 Q(s)
Bt Po V1+48 max| o' (9)|
Q(0) = [(max | w(0) | )* + 2max | 0'(0) | ] ¥2, (3.6)

o(0) = k(o) + k' (o)

In the operator L let us now expand the functions k(g) and k, (o) into Maclaurin
series, In the expression for Y(z, p) we collect coefficients for the same powers of
parameter p. We obtain that P(z, p) has the form (2,10), The coefficients ¥;(z) are
determined from relationships

Po(z) = € + 804(z)

j s
9 (@) = D (= 1Y Cot 18 [0,Tr, s+ b [0 Yoy, sl Poraa (@) (3.7

$mm) Pl

j s
Tri= 2 2 (— 1)lcb-l.l-ls (a1, -0 + b, Im 71y, 5s) dr o141

o=l el
. !
dr,s = 2 70-96"? (C"m = r-nl—(:':-T)_l)
=0

Here the initially given +,, (r = 0, 1, 2,...) coincide with (2.11), Coefficients
a, are given by relationships (2. 9) where the constant & should be replaced by the imag-
inary unit {, and the constants b, have the form

b,=0 (s=2m+1)

" ¢ am —2
b= S { La@unds @=m

(m=0'1,2,...)

In this case the series (2,10) converges uniformly and absolutely for all p <A Wy =
= inf{,, 1)} : here pois found from Eq, (3.6)., The constant C is determined by giving

(3.8)
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the stresses which impress the stamp into the strip, using one of the following conditions

1 -]
0+ir= {o@d=n3t= 3 v,
—1 »® je0
M=— R°_Sl B @)t = —n 2L Eo w ReTy,; (3.9)

Here Q is the force of impression, T is the displacement force, M is the moment
acting on the stamp.,
In the case where f(z) = — Apa® (n = 0,1, 2,...),

Vo (z) = C + 20n4, V(% + 1) P, (z) (3.10)
Tro= CO + 26"‘4» V’-‘ (” + 1) 2 Tr-kOr+k (r=0,1,2,..)
k=0

Let the stamp with a rectilinear base, located on the boundary of the elastic strip,
have only vertical displacement under the action of the force Q. In this case f(z) =

= const (n = 0) . Limiting ourselves in Egs, (3. 7) and (3.10) to terms of the order of
p2, we have )
¢(2)=2nVx)1QX (@) (1 + pa° (B —iz) + O ()] (3.A1)
0° = —iay= A\ [Ly(u) — 1) du (3.12)
o

Here

Separating the real and imaginary parts, we find the distribution functions of normal
and tangential forces under the stamp

q(z)= o, VQi___;’%:/-;i {cosA(z) +
+ pa,° [2Bcosh (z) + zsinA(z)] + O (u?)} (3.13)

T(z)= Q z 11 {sinA (z) 4 pa,° [2Bsin A (z) — z cosAz]+ O (n?)}
2aV1i—2 V=
Mz)=p Inl(l +2) (1 —2) (3.14)

For p —- 0-Eqs. (3.13) agree with Eqs, (7) and (8), Sect.114a in [2] (if in the latter
one takes into account a factor of s which was omitted),

It follows from the above equations that when approaching the boundaries of contact
z == =1, the functions g(z) and t(z) change sign. In this connection the distribution
of points of changing sign depends on Poisson's ratio v -and the relative width of the
contact region p. Similar behavior was also noted for corresponding axisymmetric prob-
lems [6].

Finally, let us examine the case of an inclined stamp with a rectilinear base, The
stamp penetrates in such a manner that the principal vector of external forces acting on
the stamp is equal to zero, The base of stamp forms an angle e with the axis Oz count-
ing from Oz in the negative direction, In this case f(z) = — ex, Q+ iT =0
and limiting ourselves to terms of the order of u® we find from (3, 9), (3.10) and (3, 4)

() = 2nGex—"» [1 4 p2a,(1 + 4B2) + O(p®))X(z) Py(z) (3.15)
M = —2nGe(l + %) + 4p2)11 + plas(d + 489 + O@Y]  (3.16)
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After separation of imaginary and real parts in expression (3,15) we obtain the formu-
las for distribution of normal and tangential forces under the stamp

o) = 2 Gex—th [ + plag(t + 469) + 0@ — 29~ [z cos M) —
— 2B sin A(z)] (3.17)

w(z) = 2 Gex ~*[1 + p2ay(1 + 4p%) + O(®)] (1 — 2%~ [z sin A (2) 4+
-+.2B cos A (2)]

Equation (3,16) gives the relationship between moment M acting on the stamp and
the angle of rotation e.

Let us bring out the following fact which can be easily seen from relationships (3, 7)
and (3, 9): if for any shape of the base a load acts on the stamp for which the principal
force vector is equal to zero, we obtain from indicated relationships that y, ; = 0 and
Py(z) = 0. This means that the refinement of the solution for the corresponding prob-
lem in a half-plane has the order of 2.

We note that approximate solutions of integral equations (2.1) and (3. 1) for large
values of parameter | can be obtained using results in [7], In this connection, taking
into account the behavior of the solution at the ends of the segment z & [— 1,1], the

function under the integral u-1L (w) = u-' [L, W) + cA Ly (u)]

(¢ = — ik in the case (2.1) and ¢ = 1 in the case (3.1))
in the kernel of these equations should be approximated by the following expression
(4 + Bu)™ (C + Du)"™* Q (u) P~ () (3.18)

in which the coefficients 4, B and C, D and the entire functions Q(u) and P(u)
are selected on the basis of best approximation, Such a construction ensures elementary
factorization of the above indicated function and also the necessary singularities of the
solution at the ends z = — 1. The author proposes to present this solution and also a
numerical analysis of the combination of both solutions for large and small values of the
parameter p in the next paper,

The author thanks V,-M, Aleksandrov and V, A, Babeshko for valuable suggestions and
help,
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