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ARTICLE INFO ABSTRACT
Article history: The plane contact problem of the interaction of a rigid moving punch with a viscoelastic layer is consid-
Received 27 November 2007 ered. It is assumed that the punch moves at a constant speed and is forced into the layer by a constant

normal force. There is no friction in the contact area between the stamp and the surface of the layer. The
displacement of the boundary of the layer, due to the normal load applied to it, is determined. The integral
equation of the contact problem for determining the contact pressure is then derived and an approximate
solution of this integral equation is constructed using the Multhopp-Kalandiya method for a rectangular
punch and one of the modifications of the method of orthogonal polynomials for a parabolic punch.

© 2008 Elsevier Ltd. All rights reserved.

Contact problems for viscoelastic bodies have been treated in different formulations (see Refs 1-4, etc.). The contact problem of the
motion of rigid punches in the boundary of a viscoelastic layer is investigated below for the first time.
1. Solution of the auxiliary problem

Suppose a punch moves at a constant speed in the boundary of a viscoelastic layer of thickness h. We shall consider the motion of the
load in a system of coordinates which moves at a constant velocity V in the negative direction of the X axis. In this case, the displacement
and load g(x) are independent of time. We will first derive the relation between the displacement and the pressure on the upper boundary
of the elastic layer (Fig. 1).

We write the Lamé equations and the boundary conditions for the plane stress-strain state

2(1 —v)graddivU - (1 - 2v)rotrotU = 0 (1.1)
u(x,0) = v(x,0) =0, t,(x,h) =0, |x| < oo

o, (x,h) = —q(x), |x[<a; o(x,h) =0, [x>a (12)

Here u and v are the components of the displacement vector U along the X and Y axes, and oyand Txy are the normal and shear stresses.
Solving problem (1.1), (1.2) using a Fourier transformation with respect to x, we obtain the following expression for the vertical
displacements

v(x, h) = —%Jq(é)K(a—;—")dé

2xsh2u —4u
> 5 K =3-4v
2xkch2u+x" +1+4u (1.3)

“L
K(t) = J‘—Elu—)cosutdu, L(u) =
0
where G and v are the shear modulus and Poisson'’s ratio.
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In the elastic formulation of the problem, the expression for the vertical displacements has the form (1.3), and, in the case of a viscoelastic
layer, instead of expression (1.3), by analogy with what has been indicated earlier (Ref. 1, formula 49.2)) we have

v(x, h) = ——J‘q(é)Ii (g ) jz( r)K(éL’—‘h-‘—‘ﬁ)dr}dg

—oo

0, = IGTfV I(1) = kexp(—;{), k= -[1;( —?) (1.4)

Here, A and B are constants and Gy is the instantaneous shear modulus.

2. Derivation of the integral equation

We now consider to the contact problem. In this problem, the vertical displacement v(x, h) is known and is equal to the indentation of
the punch —3(x) under the action of a force P, while the contact pressure g(x) is unknown.
We now introduce the dimensionless quantities and notation

(x) T IC))
o(x) = e=C =t g = %

We write Eq. (1.4) in the form (the primes are omitted)

j@(é)[&(%) + K[| = me(x)

(21)
where
o[1=L(u)]cos’Y — ™
Ki(2) = -2+ £, (%) F(%) = €
£ € € € u
0 (2.2)
( ) e[ " L( ) Y du — euj—zL(uz - sin Y d
u(e +uu) € W€ U € (2.3)

In expression (2.2), the logarithmic term has been separated out using the representation

oo

—u
]n|t| - J‘e —Cosutdt
u

0

Since the function 1 — L(u) behaves as e~2¥ at infinity, it is advisable to separate out 1 — L(u) in order to improve the convergence of the
integrals.
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After some reduction, instead of Eq. (2.1) we have

I
j@(&)K(W)dE, = ng(x), K(w) = -

-1

F(w) = Fl(g) + k?{i F,(g) + Fy(w) - 1#4

n|Y| + F(w)
€

i=1 (2.4)
where
Fz(g) = uzj._lz_l’%ucosygdu’ 3( ) = EHJ L(u) ?du
W€ tHu e +u u’
F4(V—V) = exp(y)Ei(—!)—ln Y[
u 2 u n (2.5)

Here El(x) is the integral exponential function.’
3. The solution of the contact problem for a rectangular punch

In the case of a rectangular punch with sharp edges, the solution of the integral Eq. (2.4) can be represented in the form (Ref. 6, Theorem
2.1)

0(x) = Bx)(1-x) ", ®x)e Cy-1, 1) (31)

For the problem in question g(x)=g. We shall solve Eq. (2.4) using the modified Multhopp-Kalandiya method.” For ®(x),we construct the
Lagrange interpolation polynomial

N-1
D) = Z (0, )[1 +2Y cosm® cosmﬁ] O (V) = P(cos (D))

n =1 m=1 (3.2)
using the interpolation points
x, =cosB,, 0, =n(n-12)/N; n=12,..,N (3.3)
which are the zeroes of the Chebyshev polynomial Ty(x).
Changing to new variables using the formulae x = cos¥, & = cosys, we write Eq. (2.4) in the form
T T
[@)in w‘dw = mg~ [®(y)F(cosy - cosd)dy, e [0, 7]
€
0 (34)
We now substitute expression (3.2) into the last equation and, using the relation
I
nln2e, s =0
—J’cosslpln cosy — cos B gy, = { y
o € s coss¥, s#0 (3.5)
and Gauss’s quadrature formula
Jx(w)dw N 2 1(,)
n=1 (3.6)

we rewrite Eq. (3.4) in the form

N
- Y ©(8,)F(cosb, - cos V)

n=1

N N-1
~ cosm®,cosm®
> @(e,,{ln(zf,) +2Y —} =
m

n=1 m=1

We use the collocation method, that is, assuming 9 = 8, we obtain a system of linear algebraic equations for determining of ®(6,,)
-1
cosm®,cosmo,

N N
D é(e,,)[ln(k) +2 Y

n=1 m=1

+ F(cos, — cosBk)} = Ng

k=1,2,...,N (3.7)
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4. The solution of the contact problem for a parabolic punch with smooth edges

We rewrite Eq. (2.4) in the form

E—x
€

1 1
~Jo@mEAde = a7 f(0) = g0 -1 [ QEIFE-2dE
-1 -1 (4.1)

It is assumed that the system of coordinates is arranged such that the contact area is a symmetric segment and that the function g(x) in
this system of coordinates has the form

g(x) = go+yx—-x/(2p) (42)

Here g is the indentation of the punch, vy is the angle of rotation and p is the radius of curvature at the vertex of the parabolic punch
divided by the half length of the contact area a. Since the edges of the punch are smooth, the pressure on the boundary of the contact area
is equal to zero.

We now transform the singular operator in Eq. (4.1) subject to the conditions

o(xl) =0 (4.3)

We obtain the equation®

L2 £8) ey = dF(1-§)
O(x) = - - f(E) = §&)- j O(1) ——=>dr
_Jn(i x)N1-§ ds (4.4)

Here,

dF(1-&) _ dF(w) _ kA 1w +G(w)
dE dw U ‘ﬁ

G(w) = —F',(E) kk{ZF( )+ F“(u)}’ G(w)e C(-2,2)

Eq. (4.4) is equivalent to (4.1) subject to two additional conditions, written in dimensionless form, which replace (4.3),

LEE e o, jf(é) o

®fa J«ll— AaNT-§ (4.5)

The force P is obviously connected with the contact pressure q(x) by the relation

P = [qE)dt

(4.6)

To these conditions, it is necessary to add the relation between the force P and the indentation g

P—-.

d§
©a ln2£-[ F wn

and the condition for the moments

= [r@Wi-glag

ra e (4.8)

from which the eccentricity e of the application of the force P can be determined.
It is well known that the function ¢(x) has the structure (Ref. 6, Theorem 2.5)

0(x) = o(x)J1-x°, o(x)e Cy(-1,1) (4.9)

We shall solve the equation in Fourier series, that is, in essence, we use a modified method of orthogonal polynomials.® Changing to the
new variables

x = cos®, & = cosy, T = cosO
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we write Eq. (4.4) in the form

T
_ L. f'(cosy)
¢(cost) = nsmﬂJ‘cosw— cosﬁdw
0

€080 — cosY| ¢in g0

f'(cosy) = g'(cosy) — %[—k—ﬁjcp(cose)ln
0

+J‘(p(cose)a(9,\v)d9}, 1:"(9, Y) = G(cosO - cosy)sind
0 (4.10)

We now introduce the two orthonormal systems of functions

0 (9) = J%sinkﬁ, k=1,2,..

V() = ﬁ V(D) = ﬁcoskﬁ, k=12, ..

(4.11)
and expand the functions ¢@(cos V), g’(cos¥), G(0, ) in series. We obtain
@(cosD) = 3 @,u,(9), g(cosD) = Y £,0,(), GO W) =Y Y G,,,(¥)u,®)
n=1 n=20 m=0n=1 (4.12)

11
ql (Gfg )

&Xlo“‘ =2
10 NN /

1.5
1
9
2

€=0.25

\

£=8

0.7

0.5
1

0.3
-1

(=)

xla 1

Fig. 2.
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Substituting series (4.12) into the second formula of (4.10) and using relation (3.5) and the orthogonality property of the function (4.11),
after reduction we have

, - e [ <
fleosy) = 3 gnvn(®) =77 3 [2 wna,nn]vmw)
m=0 m=0\n=1
| o0
- ﬁ Z [z (pnGmn]vm(w)
m=0\n=1 (4.13)
The matrix am,, has the following non-zero elements
In2p 1 1 1
aO':—ﬁ—’ A =5 dumot = 50 dumer = 5o M =23
We substitute expression (4.13) and the expansion for ¢(cos®) in the first formula of (4.10) and, using the relation
1Y . ﬁ
J- cossyY dv = ns1ps
cosy — cos® sin®
0
we obtain
- o (kA 1 -
Z |:(pm_ z (Iamn'*_;chnj(pn:]um(ﬁ) = 2 gmum(ﬁ)
m=1 n=1 m=1 (4.14)

Equating the coefficients of like functions, we obtain a system of linear algebraic equations for determining of ¢j.

Determining ¢, from the system of linear algebraic equations, we find the required solution of the contact problem using formula (4.12).
Using formula (4.13), we then determine the form of the function f(cos{s) and, afterwards, we find the approximate solution for the half
length of the contact segment qa, the angle or rotation of the punch vy and the eccentricity e of the application of the force P.

qp/O; ﬁ\ £=0.25
-3 =
4 /‘\x nux10 = 1
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Fig. 3.
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In order to find the relation between the force P and the indentation gy, it is necessary to substitute the function ¢(cos?) into the second
formula of (4.1), having first changed the variables and expanded F(§ — x) using the function (4.11):

F(cosB—cosy) = 3 Y F,,0,(¥)u,(6)

m=0n=1

and then substitute it into condition (4.7).
5. Examples

We will now apply the relations obtained in the case when A/ =1001 and k = 1.8, which corresponds to one type of rubber.

The contact pressure distributions for a rectangular punch are shown in Fig. 2 and for a parabolic punch in Fig. 3, for values of the relative
thickness of the layer £ =0.25 and £ =8 and different values of the dimensionless parameter .

The values of the calculated quantities for a parabolic punch are presented below

when € = 0.25 whene=38
ux107? 6 8 10 6 8 10
o 12 102 41.31 39.50 38.85 90.94 86.34 83.98
PR
OR 10 19.93 15.6 3
1[4 x 10 . 66 12.74 131.27 103.80 85.42
e)
e 120 102 ~4.34 332 2,66 ~16.89 ~12.56 -9.98
PR
OR 10 40.95 35.82 3
8 |~ x10° : 3 32.43 424.45 355.49 310.37

The pressure distribution on the boundary of the layer when its relative thickness is increased tends to the pressure distribution on the
boundary of the half-space.
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