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IMPACT AND CONTACT STRESS ANALYSIS
IN MULTILAYER MEDIA*

W. T. CHEN and P. A. ENGEL

1BM Systems Development Division, P.O. Box 6, Endicott, New York 13760

Abstract—The contact problem in a multilayer medium is analyzed based upon classical elasticity theory. The
mixed boundary value problem is reformulated into a general approximation technique suitable for calculation
on a digital computer. The Boussinesq problem demonstrates that this approximate method is much more ac-
curate than an “‘exact” analysis recently published. A second example, which is most commonly applied in
engineering practice, involves the parabolic punch. Numerical results are presented for both examples, to illus-
trate the physically significant effects of soft and hard layers and different layer thicknesses. The analysis is then
extended to quasi-static impact. Results of experiments dropping a steel ball on nylon and rubber layers over a
granite base are given and good agreement is found between the analytical and experimental results.

1. INTRODUCTION

THE indentation of a medium consisting of two (or one) paraliel elastic layers bonded to
a homogeneous half-space is the prime topic of this study.

Although the contact problems of a homogeneous half-space and of a slab have received
considerable attention in the literature [1-3], and much is known concerning the first
boundary value problem in multilayer media [4], relatively little is known of contact
analysis of multilayer media. In modern engineering practice, one frequently meets with
stratified structures, laminated composites or solid components coated with surface
layers, therefore, this contact analysis is often necessary.

In this work, a general approximate method for the above problem will be developed
and its capability, range and practicality will be demonstrated through the example of the
Boussinesq problem. Various geometric and material parameters will be examined for
their effect in Hertz type indentation problems. The analysis will then be extended to
quasi-static impact, and experimental verification will be sought to some of the analytical
results.

The contact problem is a mixed boundary value problem. Much of the literature in this
area deals with an elastic slab, either loaded symmetrically from both surfaces or loaded
from one surface and rigidly fixed on the other surface. A survey of these two types of
elasticity problems, tackled by the method of integral transforms, may be found in the book
by Uflyand [5]. The mixed boundary value problem is formulated as a dual integral
equation and reduced into a Fredholm integral equation, which is then solved approxi-
mately [6-34]. A second approach would be to replace the exact boundary condition by an
approximate one, and solve the new elasticity problem exactly [35-40].

The rigid stratum supporting the elastic slab is, of course, a mathematical fiction that
simplifies the analysis. Some recent investigators have considered the indentation of an
elastic layer bonded to an elastic half-space made up of a different material. Wu and
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Chiu [41] considered the plane strain problem and reduced the mixed boundary value
problem to a single Fredholm integral equation of the second kind. Dhaliwal [42] was
able to reduce the axisymmetric problem of a flat ended cylindrical punch on this layered
elastic medium, to a Fredholm integral equation which he solved approximately. For the
so-called “thick” layer situation, he developed a series solution iteratively. Subsequently
Dhaliwal and Rau [43] extended the analysis of Dhaliwal to punches of arbitrary profile,
but did not present any numerical results.

Engel [44] first made use of the numerical solution in the static single slab analysis to
study impact on a viscoelastic slab adopting the quasi-static assumptions made by Hertz.
A related approach was taken to make a force-time study of the elastic impact on a finite
slab by Conway et al. [45] and the results were correlated with experiment.

Various methods of solving this mixed boundary problem may be considered in the
context of numerical approximation of functions. First, one assumes a set of pressure base
functions (preferably orthogonal and complete), which satisfies all of the equations of
elasticity internally and the stress boundary condition. This set of base functions is
assembled to represent the contact pressure distribution so that the displacement within
the contact area approximates the real displacement boundary conditions in accordance
with some particular boundary residual error criterion.

The “point matching” method employed in [36, 37, 39, 40] may be considered as one
such method. Here, the assumed base function is made up of uniform pressure applied
over an annulus within the contact regions, and the boundary residual criterion is that of
collocation.

Similarly, the form of the base function is already assumed when the kernel of the
integral equation is expanded in a power series (see equations (4.2) of [42]) or when the
pressure function is expanded as a cosine series (see equation (12) of [6]).1 The requirement
that the integral equation be satisfied is equivalent to the boundary residual criterion.
Miller [15], for example, took four terms of the cosine expansion and showed that by
satisfying the integral equation approximately, he effectively matched the slope of the
indenter at four points.

By expanding the kernel of the integral equation in a series form, one can effectively
assume the form of the set of base functions. The question naturally arises whether it would
be simpler and more accurate to determine the coefficients to the base functions through a
least square, collocation or some other boundary residue criterion, rather than through the
integral equation. If this is indeed possible, the probable benefits would be: (a) better
accuracy, (b) extended applicability to smaller thickness to contact radius ratio and
(c) avoidance of further analytical complexity when more than one layer is bonded to the
half-space, and also when two multilayered bodies are on contact.

This paper is divided into two basic parts, Sections 2 and 3, respectively.

In the next section (Section 2), the basic formulation for the approximation method is
given. Taking five terms of Dhaliwal’s solution for a flat-ended punch on one layer bonded
to a half-space as the assumed set of base functions, it is shown that the boundary conditions
are satisfied to a very high degree of accuracy, and that the accuracy couid be improved
with an additional term in the assumed base functions. The same numerical experiment
was applied to two layers bonded to a half-space and it is demonstrated that the same degree

+ This is a simplified description of a wealth of methods and techniques. We cite two examples here for the
purpose of illustration.
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of high accuracy can be maintained. Subsequently, the technically more useful case of a
parabolic shaped punch is considered. For various combinations of material properties,
layer thicknesses and number of layers, the stress distributions, contact force and penetra-
tion are plotted. The problem of an elastic indenter is also discussed.

Section 3 contains an extension of the analysis to quasi-static impacts, which parallels
the original treatment of Hertz. This also furnishes an expedient vehicle for experimental
verifications. An experimental study of a steel ball dropped on several different multilayered
media is described. The contact times obtained from the experiments were compared with
theoretical results obtained through integration of the equation of motion.

2. CONTACT STRESS ANALYSIS

(a) Boundary conditions

An elastic half-space is composed of one or two elastic layers bonded to an elastic
homogeneous half-space as shown in Fig. 1. The dissimilar materials adhere to each other
perfectly. A rigid axisymmetric punch is pressed into the surface of the layered half-space.
Assuming frictionless contact, one wishes to find the surface pressure, amount of penetration

(b} One layer bonded to half space

Fi1G. 1. Sketch of multilayer media.
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and contact radius, from a knowledge of the load and the profile of the rigid punch. The
surface boundary conditions can be written as

ur,0) = aw(r) = ald—f(r)], 0<r<a, (N
G,,(r,0) =0, r>a, 2)
G,,(r,0) =0, r>0, (3)

where a is the radius of contact region, f(r) is the profile of the punch divided by a and é
is the ratio of the penetration of the punch to the contact radius.

Over the interfaces z = 2k, and z = 2(h, + h,) the surface traction and displacements
must be continuous, ie. on z = 2k,

U = 4@,

ult = u®,

oy = af2),

o) = a2, 4

andon z =2 (h, + h,)

u;Z) — u(z3)’

u? = ¥,

Gg) = aﬁﬁ’,

iy = o). )

Finally, at distances far away from the contact region, the stresses and displacements
must vanish.

(b) Approximate method of analysis

If the elastic half-space were homogeneous, the contact problem specified in the last
section could be reduced to a mixed boundary value problem in potential theory. Many
such elasticity problems can be solved in closed form. When the elastic half-space is made
up of layers of dissimilar materials, the mathematics become more complex and one
invariably has to appeal to various methods of approximate analysis. In the present treat-
ment, we shall satisfy the equilibrium equations, and the boundary conditions (2)5)
exactly, and the surface displacement condition, equation (1) approximately.

Intuitively, if the punch profile remains the same, the contact pressure distribution for
the top surface of the layered half-space and that for the homogeneous half-space are
similar in many respects. For example, if the punch profile is smooth, then the pressure is
always zero at the edge. If the punch has a sharp corner, the pressure will be singular there.
For this reason, it appears reasonable to express the contact pressure g(r) by

q(r) = u19[poqo(r) +44r)l, (6)

where q,(r} is the contact pressure in the corresponding homogeneous half-space problem,
q,r) is a “‘perturbing term’” and p, a constant as yet undetermined. On the right-hand side
of equation (6), the functions q4(r) and g (r) are nondimensional since y, , the shear modulus
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has the dimension of pressure. If the material properties in the other layers are not much
different than that of the top layer, dp, and g, (r) will approach unity and zero, respectively.
One might suspect that in the layered medium g{r) would be a smooth function which
vanishes at the edge (r = a) and is stationary at the center. If aw(r) and aw(r) are the sur-
face displacement functions associated with the pressure distributions u, . qo(r), p; - q.r),
respectively, the displacement boundary condition, equation (1) becomes

1 —f(r)/6—powo(r) — w(r) = 0. (7)

The ““perturbing”’ function ¢ (r) is now approximated by

440 =Y. paiv). ®

whereg{r),i = 1...n,form a set of base functions. They have the properties of being smooth
continuous functions which vanish at the edge and are stationary at the center. The error
from this approximation then becomes

ofr) = [l—f(r)/é— ) p,w,-(r)], ©)

where aw/(r) are the surface displacements corresponding to the surface pressure pu,q(r).
Some of the logical schemes to determining 6 and p;, are the collocation or point matching
method, the integral least square method and the Reissner energy principle.

In the standard collocation or point matching approach ¢ and p; are chosen such that
the error is zero.

gr;) = 0, (10)

over (n+ 2) number of points.
The integral least square approach requires that the coefficients § and p, are such that
the integral

=L f re(r) dr, (11)
a“Jo
is a minimum, i.e.
oI, al, .
5_0, aT;,._O’ (i <n+l). (12)

A hybrid method can also be used, where more than (n+2) collocation points are chosen.
Here one seeks a least square solution of an overdetermined system of linear equations [46].
In applying the Reissner energy principle, one minimizes the integral

1 a n
Ip = Pfo s(r);p,q,-(r)r dr. (13)

In all of the three methods (n+ 2) linear algebraic equations result for determining the
unknown coefficients, é and p;.

From a physical point of view, the Reissner energy method is most appealing. However,
there is some computational difficulty in cases where the punch contains a sharp corner.
Numerical experiments (which will be discussed later) have indicated that the integral least
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square method is more accurate than the collocation method for the same computational
effort. For this reason, the integral least square method is employed in this paper.

A very important factor influencing the accuracy of the approximation scheme is the
choice of the set of approximating base functions g(r). It is chosen to be

gir) = (A —r¥/a®~%i=1,2...n. (14)

It will be demonstrated that, by approximating the pressure distribution as
q(r) = o, Y, padr) (15)
i=0

where g(r) is the pressure for the homogeneous half-space problems and g(r) (i = 1...n)
are of the forms in equation (14), very high accuracy could be achieved.

A primary prerequisite for the numerical method is to compute the surface displacement
w{r) induced by the pressure g,r), on the layered half-space. An efficient and accurate
method for this computation has been presented in {47]. Double precision arithmetic
was employed in the computation of w,(r) and special precautions were taken to ensure
that the numerical values of w,(r) used in this paper are accurate to 14-15 significant figures.

(c) Indentation by a circular flat ended punch
When the end of the punch is flat, f(r) = 0, and the boundary condition is given by

o(r) =0 0<r<a. (16)

The solution for the homogeneous half-space problem is well known. From equations
(14) and (15), the surface pressure is approximated by

q(r) = op, 'Zo Pi(l_rz/az)i_%- (17)

Aside from engineering interest, the purpose of doing this numerical example is twofold :
{(a) Since the punch has a sharp corner with a stress singularity there, it would serve as a
touchstone to the approximate method. (b) Dhaliwal [42] has studied this problem for the
special case of a single layer bonded to a homogeneous half-space. Dhaliwal’s paper
contains some numerical results and thus affords an excellent opportunity for comparison
with the present investigation.

Since f(r) = 0, equations (9), (11) and (12) lead to a system of (n+ 1) linear algebraic
equations:

_[ [1—21’: } wir)dr=0, j=0,1...n (18)
The total load is obtained from integrating equation (17),
i=0

The integration in equation (18) is carried out through Gaussian quadrature methods,
taking numerical values of w{r) computed from the method discussed in [47].

1 The formulae used for the computations of w/r) are given in the Appendix.
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In Dhaliwal’s analysis, the representation of contact pressure, in the case of a thick
layer, can be written in the same form as in equation (17), with n = 4. Thus, one can com-
pare the total loads as well as the pressure distributions obtained from the two methods.
Also, one can compute the actual surface displacements corresponding to the calculated
pressure distributions to see how accurately the boundary condition equation (16) is
approximated. Numerical results for three different thicknesses and five different values
of shear modulus are shown in Table 1. For each thickness and material property combina-
tion, two sets of values of P and p; (i = 0, 1, 2, 3, 4) are listed : the first line is calculated
from the integral least square method, the 2nd line is calculated from Dhaliwal’s analysis.}

Figures 2 and 3 give the errors in the surface displacement variation when the surface
pressure is represented in the form of equation (17), for the cases of 2h,/a = 3,4, u,/u, = 5,
v, = 0-333, v, = 0-250. The maximum error from the present method is less than 1071,
The maximum error obtained from Dhaliwal’s approximate solution to the exact integral
equation formulation is of the order of 0-01 for 2k, /a = 4,and amounts to 0-17 for 2h,/a = 3.

In Figs. 2 and 3, the layers are relatively thick. Dhaliwal’s representations break down
for thinner layers. However, this is not a limitation in our approximate method. A better
appreciation of the capability and limitation of the present method may be obtained
through numerical computation of thinner layers. In Figs. 4 and 5, there are two thin
layers (2h,/a = 2h,/a = 0-2) bonded to the elastic half-space. The maximum errors from
the present method are of the order of 10™*, In these two graphs, the corresponding error
curves from a five point collocation scheme equation (10) are also presented. Although the
errors from the collocation scheme are perfectly acceptable, the integral least square
method is clearly superior.

Figure 6 shows the pressure distribution under the flat ended punch when there is one
hard layer bonded to a soft substrate (u,/u; = 0-1), for various thickness to radius of
contact ratio. When 2h,/a = 2, the surface pressure does not differ much from the
Boussinesq solution. When the layers are thinner (2h,/a = 0-5, 1), there is a central region
where the normal stress between the layer and the punch is tensile. When the layer is still
thinner, (2h,/a = 0-3), this region of tensile stress becomes an annular strip. It is implicitly
assumed in contact stress analysis that the normal pressure between the layer and the
punch is always compressive, i.e. there is no separation. The examples in Fig. 6 demonstrate
that in the case of a thin layer bonded to a soft substrate, there is a circular or annular region
of separation.

(d) Parabolic punch

The capability and limitation of the proposed approximating base functions coupled
with the integral least square method were demonstrated previously. Of more practical
interest is the stress analysis of a parabolic punch pressed into a layered half-space. The

1 We were led to repeat Dhaliwal’s numerical calculations due to substantial disagreement between our results
and his published results. We found that all his numbers in Table 4 and Figs. 1-3 of his paper should be divided by
the factor 4/(1 —v,). With that correction made, we recomputed row 6 to row 14 of his Table 4 from his Table
1 with double precision arithmetic. It was found that from row 7 on, except for one obvious error at u = 1,
2h = 25, we could substantially reproduce his numerical results. We could not, however, reproduce the numbers
inrow 6 (i.e. 2h = 3). It is believed that the numerical values in row 6 of Table 4 in Dhaliwal’s paper are in error in
the second and sometimes in the first significant figure, e.g. compare Table 1 here to Table 4 of Dhaliwal’s paper.
Rows 1-5 of Table 4 in Dhaliwal’s paper are computed from a different method which does not give pressure
distributions. Our results agree with his in the general trend, but differ in numerical values up to 10-15 per cent.



TABLE 1. NORMALIZED FORCE P AND THE PRESSURE COEFFICIENT P; OF A FLAT ENDED PUNCH ON ONE LAYER BONDED TO A HALF-SPACE. CE REPRESENTS
RESULTS FROM METHOD IN THIS PAPER, JE A REPRESENTS RESULTS COMPUTED BY CHEN AND ENGEL BASED INTEGRAL EQUATION APPROXIMATE SOLUTION

(DHALIWAL [42])

Method u P P P2 s Pa ps
h=3

CE 0-25 7-49393 1-17877 3.9994E702 2-8666E 03 1.4012E704 5-9963E 06
IEA 0-25 7-49318 1-17851 4.0428E702 2-8422E703 1-3326E704 9-4980E06
CE 0-50 6-85144 108267 2.2330E702 1-5667E-03 7-5750E705 3.2245E706
IEA 0-50 6-85115 1.08258 2-2478E702 1.5702E703 6-6562E705 5-5917E°06
CE 3-00 4.09096 066294 —34307E702 —-1:9911E703 —8-8520E705 —3.6229E706
IEA 300 408996 0-66261 —3-3751E702 —2:0948E703 —4.3342E705 —1-0528E05
CE 4.00 361186 0-58861 —3.9913E702 —2:2238E703 —9-7260E705 —3-9531E706
IEA 4-00 3.57013 0-58222 —~4-0539E702 —2.4876E703 —6-3974E705 —1-3023E705
CE 500 3-25696 0-53318 —4-3012E702 —2-3158E703 —9:9960E705 —4.0414E706
IEA 500 2.70273 0-44882 —5-3988E702 —3-2863E703 —1-0588E704 —1-4775E705
h=4

CE 0-25 7-08683 1-12189 1-7571E702 7-5110E°04 2-2358E705 57594E°07
IEA 0-25 708673 1-12186 1.7612E702 7-4890E~04 2-2371E705 7-1314E707
CE 0-50 663352 1.05233 1.0026E 02 4.1974E°04 1-2370E705 3.1735E707
1EA 0-50 6-63348 1.05232 1-0040E 02 4-1946E°04 1.2070E°05 4.1985E°07
CE 300 4.42373 0-70983 —1.6940E702 —5-8964E704 —1-6071E705 —3.9918E707
IEA 3.00 4.42366 0-70980 —1-6883E702 —5:9565E°04 —1.3498E05 —79060E~07
CE 4-00 3.98883 0-64167 —2-0068E702 —6-7131E704 —1-8022E705 —4-4522E707
IEA 4-00 3-98624 0-64126 —2:0071E702 —6-8743E704 —1-6146E705 —97780E707
CE 5-00 3-65508 0-58918 —2.1924E702 -~ 70934E704 —1-8814E705 —4.6286E707
IEA 5-00 3-61993 0-58381 —2:2573E702 —7-7060E~ 04 —1-9404E705 —1.1093E706
h=235

CE 025 6:51117 1.03554 2.2278E703 2.5249E705 2.0286E°07 1-3715E709
IEA 0-25 6-51117 103554 2.2279E703 2-5246E705 2:0354E°07 1-3928E709
CE 0-50 6-30760 1-00345 1-3129E703 1-4582E705 1-1609E~07 7-7850E° 10
IEA 0-50 6-30760 100345 1-3130E703 1.4581E~05 1-1618E~07 8-:2000E~ 10
CE 3-00 507789 0-80905 —2-6359E703 —2.4461E705 —1.8100E707 —1-1833E709
IEA 3-00 507790 0-80906 —~2:6356E703 —2.4467E705 —1-7858E707 —1.5441E709
CE 4.00 4.77507 0-76106 —3-2466E703 —2-8986E705 ~2-1148E707 —1-3733E709
IEA 4-00 4.77511 0-76107 —3-2463E703 —2:9004E°05 —2:0982E707 ~ —1.9098E709
CE 5-00 4.52490 072139 —3-6587E703 —3-1624E705 —2.2816E707 —1-4752E709

IEA 5-00 4.52494 0-72139 —3.6592E703 —3-1698E705 —2.2945E707 —2-1667E~09
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'T£10 Chen and Engel soluion (ns4)
/Zhl/a =3 pu/ps2s
" ﬁ\—/j'/\l
— :
02 o4 06 o8 NS
Radius r/@
-t £-10

015t \ . )
Dhaliwol's solution

2h/a =3 p/usd5

Error in surface displacement(l-w(r)/ &)

051

) o2 04 o6 o8 -0
Radius r/0

F1G. 2. Error comparison, flat ended punch, 2h,/a = 3,n =4,

boundary condition is

r2

L Z) = =ad——. 20
u(r, z) = aw(r) = a 2R (20)
The parabolic shape is used to approximate a spherical body of radius R, where R > a.
From equations (14) and (15), the surface pressure is approximated by

) = b, 3. pl1=r7fa?) . o)
From equations (9) and (20), the error from the approximation is

o) = 1= prfa= Y. pol) 2
where f is defined as

B =a/2R$. (23)
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Error in surface displacement (I-w (#)/ )
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Chen and Engel solution(n=4
2h/o =4 p /u,<5
rLE-L]
)
Radius r /o
rLE-)
Dhaliwal's solution
s 1 ep 2n /a =4 p/ps5
10
05 1 £2
) o2 04 06 o8 )
Radius 7 /o

Fi1G. 3. Error comparison, flat ended punch, 24,/a = 4, n = 4.

E~3
247 =
@D
~
x
320t
< n=5
C
“E’ 2m/a2hy/a=02
g 6T /125 Ty
o Hi/H2 Hy THs
2 ---—- Integral least square
n
T 2t ——— Cotlocation
@
(]
2
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208t
c
f
(=]
T
5 o4t
P ~~ T T T ath
o - S~ - I_-, ~ - N
F-="0 o2 13 04~ ~ 5% o-é 0 8" 0% o
Radius r/a

Fi1G. 4. Errors for thin layers, 2h,/a = 2h,/a = 0-2.
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02t E~3
Y ! E L = /r\--—~‘ -
l \\~~--’/’ t \_/k\\——//(}s Otg*—' 0
02 03 04 05 06 o7
Radius r/a
_02 -
@
S _oal n=5
3 2h /ta= 2h,/ 0=02
;
< o #, /'“2=025 '3 //.1.3= [
g ----- Integral least square
w Collocation
_0.8 +
-rob

F1G. 5. Errors for thin layers, 2h,/a = 2h,/a = 0-2.
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The n coefficient p; and the parameter f are computed from the following (n+1) linear
algebraic equations

r* Y pwfr)dr=0,

o] i=1

12
3-2p-3

Ja rwj(r)[l—ﬁrz/az— i piwi(r):l dr=0,(j=12...
0

i=1

05¢
a5 [} 20
Ny
T
04 '
Q
N )
S o3t
S
U . .
¢ Boussinesq solution
3
o 021
[
(o]
a 2n/0-05
o1
2h/0=0-3
o]
-0l + + + + —t ' —
0 ol 02 03 [ 05 06 o7 08 09
Radius r /g

FiG. 6. Dimensionless pressure distribution under the flat ended punch, g(r)a®/P. v, = v, = 4, p,/u, = 0-1.

(24)

(25)
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The total load is
P =2np,da* ) pi/(1+2i). (26)

i=1

In all of the numerical computations on the parabolic punch, n was taken to be 5.
For comparison purposes, it is convenient to plot the nondimensional quantities,
defined as follows:

31—v)PR 3n(l—vy) & p;

P* = =
8u,a’ 8p ,-Z‘l 1427 @7
RO 1
o= —=_—.
a 28 @)

The physical meaning of P* is that (P*)!/3 is equal to a/a where ay is the Hertz contact
radius for a medium of shear modulus g, and Poisson’s ratio v, .

In the case of a homogeneous half-space, both P* and 6* are equal to 1. It follows that
when the layers are very thick or very thin, 6* would approach 1 in both cases; and P*
would approach 1, or p;/u,, where y; is the shear modulus of the base.

In Table 2 are shown the numerical values of P* and é* computed from a single layer
bonded to a soft (u,/p, = 3 and 10) stratum or to a hard (u,/u; = 3 and 10) stratum. They

TABLE 2. THE NONDIMENSIONALIZED LOAD P* AND PENETRATION 0* FOR ONE LAYER BONDED TO A HALF-SPACE.
vp=v, =1}

/i, 10 3 1/3 1/10
2h,/a p* 5 P* 5 p* 5* P* 5*
0 10000 10000 10000 10000 10000 10000 10000 10000

16-000 1.0001 0-9669 1.0001 09763 0-9999 10571 0-9997 1.2000
8-000 1-0009 0-9345 1-0006 09531 0-9989 1.1132 0-9975 1-3968
4000 10070 0-8746 1.0048 0-9101 0-9918 1-2174 0.9808 17632
2:000 1-0469 0-7815 10318 0-8439 09477 1.3684 0-8811 2:2642
1-500 1.0954 0-7389 1.0640 0-8149 0-8998 1-4189 0-7812 2.3884
1.000 1.2310 0-6868 1-1509 0-7834 0-7936 1.4342 0-5891 2-3224
0-600 1.5675 0-6479 1.3456 07117 0-6381 1-3568 0-3695 1.9572
0-400 1:9975 0-6406 1.5557 0-7845 0-5415 12720 0-2631 1.6729
0-300 2-3968 0-6466 1.7194 0-8016 0-4923 1-2191 0-2164 1.5176
0-200 3.0804 06672 1.9474 0-8304 0-4442 1-1610 0-1754 1-3600
0-150 3-6341 0-6880 20971 0-8511 0-4203 11297 0-1567 1-2794
0-100 4.4894 0-7246 2.2897 0-8800 0-3937 1-0920 0-1373 1-1876
0000  10-0000 1.0000 3-0000 1-0000 0-3333 1-0000 0-1000 1-0000

are plotted in Figs. 7 and 8. It appears from Fig. 7 that for 2h,/a > 4 the surface force on
the thick layer behaves essentially like a homogeneous half-space, but the penetration does
not. This shows that in design problems relating to layered media, it makes a substantial
difference whether interference is prescribed or whether force is prescribed. The difference
in surface forces between a homogeneous and layered medium becomes really significant
when the thickness ratio 2h,/a is less than 2.

Table 3 shows the numerical values of P* and 6* computed from two layers bonded to
a half-space with a soft (u,/u, = 3 and 10) or hard (u,/u; = 3 and 10) interlayer. They are
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Thickness 24, /g
FIG. 7. Variation of [3(1 —v,)PR]/8ua with 2h,/a for a single layer bonded to a half-space. v, = v, = 4.

plotted in Figs. 9 and 10. Again it is apparent that the surface force on the thick layer is
essentially like that of a homogeneous half-space for 24,/a > 4. The effect of the interlayer
becomes strongest at 2k, /a ~ 0-3-0-5, and very slowly approaches the homogeneous half-
space situation again as the thicknesses decrease. Figure 10 shows that when the interlayer

28
o4 *P 20 2hl

Hy T
#2'7’2

26 1

RS /a

04t

N Limit 22 o i Limit 5= ]

o2t 4

4
}

015 02 03 040506 08 | 2 3 4 567
Thickness 2h4,/a

FIG. 8. Variation of Rd/a with 2k, /a for a single layer bonded to a half-space. v, = v, = §.
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TABLE 3. THE NONDIMENSIONALIZED LOAD P* AND PENETRATION 6* FOR TWO LAYERS BONDED TO A HALF-SPACE.
hy = hy, 1y = H3, VTV TV =1

1o/t 10 3 1/3 1/10

2hl/a Pt 6* P* 6* P* 6* P* 5*

© 1.0000 1.0000 1-0000 1-0000 1.0000 1-0000 1-0000 1-0000
16-000 1-0001 0-9802 1-0001 09871 0.9999 10256 09997 1.0766
8.000 1.0009 0-9612 1-0006 09747 0-9991 1.0503 0-9979 1-1510
4.000 10065 0-9278 1.0043 0-9532 0-9931 10937 0-9842 1-2835
2:000 1.0426 0-8887 1.0277 0-9290 0:9566 1-1415 09027 1.4325
1-500 1.0847 0-8839 1-0543 09275 09181 1-1431 0-8212 1-4396
1.000 1-1921 09115 1-1184 0-9480 0-8375 1-1048 0-6645 1-3379
0-600 1.3775 10182 1.2151 10125 0-7402 1.0108 0-4937 1-1077
0-400 1-4483 1-1095 1-2430 1.0596 0-7100 0-9487 0-4323 0-9581
0-300 1-4132 1-1358 1.2239 1.0727 0-7152 0-9232 0-4237 0-8878
0-200 1.3037 1-1207 11717 10673 0-7471 0-9109 0-4466 0-8325
0-150 1.2327 10981 11358 10568 07779 09132 04794 0-8159
0-100 11639 1.0717 1-1002 1-0447 0-8173 0-9201 0-5332 0-8078
0-000 1.0000 1.0000 1.0000 1.0000 1.0000 1-0000 1.0000 1-0000

is hard (u,/u, = 3 and 10) and 24,/a is large, the value of the surface penetration parameter
o* is < 1, similar to the soft layer over the hard stratum situation in Fig. 8; and when
2h,/a is small, 6* > 1, since the two top layers may be thought of as an equivalent hard
layer on a soft stratum. The reverse effects occur when the interlayer is soft.

Figure 11 is a plot of the normalized surface pressure under the parabolic punch for
2h,/a = 0-3. The lesson to be learned here is that when there is a soft interlayer (or stratum),
there is substantial deviation from the Hertz solution. Particularly interesting are the cases

P
20,
ad /?‘ 2hl
Nt
[Aa]
-4
2n, s
I3 o
et )
12 4 33
x /
Qm -t /,’
Ay 2h
. - !
'_% I>O<Nt——‘_L|mlfTO
[0} 09 \ \
VN
\
o8+ \
o7t \
\
o6+ \
\
05
04 {

T T T T —r— + ¥ — T
015 02 03 040506 08 | 2 3 4 5 678
Thickness 2/‘7I /a

Fi1G. 9. Variation of [3(1 —v,)PR)/8u,a> with 2k, /a for two layers bonded to half-space. h; = h,, v, =
1
Vy, = V3 = 3.
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h
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FiG. 10. Variation of Ré/a with 2k, /a for two layers bonded to a half-space. h; = h,. v, = v, = v, = 4.

when the substrate is soft. It is demonstrated that the maximum pressure need not be at the
center.

In practice, both of the contacting bodies are elastic and may have finite radii of cur-
vature. In this case, it should also be possible to establish an asymptotic thick layer solution
to the integral equation formulation of the elasticity problem. That this is not a trivial

g
2 o
~
=
o 1.0 } B
s
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3 Bf Hy /=01 p /=l
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N
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E %27 71=0-1
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F1G. 11. Normalized surface pressure distribution under parabolic punch ¢(r)/g(0).
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matter is clear from the work of Keer [13]. However, in the present approximate scheme,
one merely replaces w(r) and § in equations (22) and (23) by

wfr) = ol + i) (29)
1 1
B = %( R —) (30)

where wl(r) and w!' are the surface displacements in the two contacting bodies induced by
the pressure g,(r) and R; and Ry are the two radii of curvature. It is an easy matter to im-
plement these two changes in the computer programs.

3. IMPACT ON A MULTILAYER MEDIUM

(a) Method of analysis

The results obtained in the last section can be applied to the problem of impact of two
solid bodies, along the quasi-static assumption of the Hertz impact theory. Accordingly,
it will be assumed that the surface compresses gradually. The dissipation of energy during
impact is neglected. We shall determine the variation of contact force and surface displace-
ment as a function of time, when a rigid ball of radius R and weight W is dropped from a
height H on the layered medium.

As the ball indents the medium, the contact radius is continuously changing with time.
One may write the contact force P as a function of the dimensionless ratio a/h,,

3
p— “zlzlp(hi), (31)
1

and from equation (27), this function F(a/h,) is

(32)

P 16a3P* _2na "
hl 1 i= 11+l

T3(1—v)h

Similarly, the central surface displacement u = u,(0, 0) may be considered as a function of
the ratio a/h,,

h2
= 33
“= 2RG(h ) (33)
and from equation (28) this function G(a/h,) is
a 2a%6*  a?
== 34
G(hl w " hp 9

When the ball and the elastic half-space are in contact, the equation of motion of the ball
18
W dv

T ~W-P (35)

where v is the surface velocity at r = 0,z = 0.
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Combining (31), (33) and (35) the following system of first order simultaneous differen-
tial equations is obtained,

d(a/h,) 2R v

AL S 36
R Glahy (36a)
du
— = 36b
T (36b)
dv whd [a
haPY Fl-=
a8 [ 2RW \hy| | (36c)
subjected to the initial conditions,
t =0, alh, =0, u=29, v=./2gH. (37)

This set of first order equations could be integrated numerically in a straightforward
manner, were it not for the fact that at the first instant of impact G'(a/h,) = 0.

To circumvent this difficulty, Hertz impact on a homogeneous half-space is considered
for two very small time elements At utilizing the differential equations

du

Et' =70 (388.)
dv 8u,R*u?
- ‘g(a(l—vl)W_ ’ e

and the initial condition, t = 0; u = 0; v = \/2gH. After 2At,, the equations (36) are
employed with the initial conditions,

2Ru(2A
at = 2Atg:alhy = | %"—) u=uQRAty), v=0RA).  (39)
1

The functions F(a/h,) and G(a/h,) are computed through equations (32) and (34)
according to the approximate method described in the last section. Numerical integration
of (38) and (36) is carried out through a 4th order Runge-Kutta scheme. The contact time
stretches from the initial condition until the surface displacement u returns to zero.

(b) Experimental work

The objective of the experimental work was the verification of contact durations
obtained analytically for a given configuration of ball and elastic layered medium. An
important constraint on the choice of materials is the consideration that all materials in-
volved should stay in the elastic range during impact.

For an experimental study involving layers of infinite lateral extent, the ball dropping
method appears straightforward. Since the bonds between the strata eliminate the low
frequency effects, the quasi-static condition postulated in the mathematical analysis is
maintained. The elastic bulk properties of the individual layers can be obtained from Hop-
kinson bar experiments on longitudinal specimens. The phase velocity V is measured, and
the Young’s modulus is then computed from V = /E/p. Even for strongly viscoelastic
materials of large time constants, the modulus of elasticity thus obtained is suitable for
approximate elastic analysis.
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It has been found that, as a top layer, nylon is suitable for the purpose of rendering a
linearly elastic medium. The highly elastic properties of nylon are due to its hydrogen
bonded molecular structure.

The mathematical analysis prescribes a condition of complete adherence between layers.
In the experimental setup, this condition can only be approximated, by the device of either
thinly applied adhesives or thin double-sided adhesive tape between the layers. In addition
to this departure from the ideal situation, the experimental measurement of contact
time necessitates a microscopic layer of silver spray to be deposited on the top surface
exposed to the impact. It is within the capability of the present analytical program to
check the influence of the presence of all these experimental devices, so as to establish the
correct correspondence of test and analysis.

In the experimental setup, as sketched in Fig. 12, a steel ball of 1 in. diameter was dropped
on the layered medium and the contact duration measured. This was accomplished by

Metal Loose thin wire
stand

Steel ball 1 in.dia

Nylon slab(top suface sprayed with conductive

silver) glued to granite base
,—“’—::‘L’u

7 7 7
(a) Mechanical

Ball
Main sweep [ C |
delay ,(R $1008 20V DC.
s Power supply

Scope A I

Trigger
(b) Electrical
F1G. 12. Mechanical assembly and electrical schematic of test.

connecting the ball in a 20 V d.c. circuit through a thin loose copper wire. The top of the
layered medium was sprayed with conductive silver acrylic spray and when the ball hit the
surface the circuit closed. The closing of the circuit triggered an oscilloscope and the trace
displayed was photographed by a polaroid camera. To eliminate the recording of con-
secutive rebounds, the main sweep delay feature of the scope was utilized.

As a bottom material, a thick solid granite block was used. Fixed to the support block
a steel stand was provided, with a bracket attachable to it at variable heights. This flexible
bracket contained a circular hole large enough to let the ball through when the bracket
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was depressed but able to hold the ball otherwise. To trigger the impact, the ball would be
set in the bracket and then the latter slowly depressed to make the ball fall through the
hole.

Two major experimental configurations were used, involving two or three layers
(including the bottom ‘““half-space’), respectively. In all configurations, the top layer was
nylon, in 24 x 24 in. slabs of variable thickness, machined from 3 in. thick stock. To the
granite slab the nylon layers were stuck by Eastman 910 adhesive glue which provides
a thin but tough layer approximately 0-0005 in. thick. In the three layer configuration,
a soft layer was interposed between the granite pad and the topmost nylon slab; neoprene
rubber of durometer 30 was used for this purpose. The neoprene layer (also 24 x 24 in. in
plane, with varied thickness) would be stuck to the foundation by Eastman 910 adhesive
glue and to the top nylon slab, by double-sided adhesive tape. This allowed rapid changing
of the top layer during an experimental series.

(c) Experimental and analytical results

In the ball dropping experiments, the drop height was fixed at 5-12 in. from the top
of the composite medium. The top layer (nylon) was varied between 35 and < in. There
were no permanent deformations in the nylon layers due to the dropping of the 1-in.
diameter ball. A faint trace of the contact region was observable on the sprayed surface
without, however, any alteration of either the mechanical resistance or continuity of the
silver. Computations based on a silver, nylon and granite configuration showed that the
presence of the thin conducting coating is indeed negligible for stress analysis. Static
shore D durometer tests of the surface showed no appreciable increase in hardness of this
coating. Thus, the coating was inconsequential from the point of view of impact results.

First, the two-layer configuration (nylon, granite) is discussed. From previous Hop-
kinson bar measurements, V' = 66,700 in./sec was obtained for the nylon material, which

3007
» 290
1 A
c A/
2 280+t
o
T Nylon
3 1
s 270+ 24,
(=]
a
E O Experimental
260+ A Theoretical \
Granite
/
/
250 ot . —t ’
0|22§456789l0

« » (32"%¢ in)

F1G. 13. Two-layer configuration: experimental and theoretical values of impact duration.
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gives E = 475,000 psi. Granite was considered with the elastic properties E = 7,500,000 psi
and v = 0-1. Shear moduli are obtained by p = E/[2(1+v)]. Figure 13 shows a graph of
contact time vs top layer thickness. Experimental and analytical results are close. The
increase in contact time versus increasing top layer thickness demonstrates a decrease
in stiffness in the system. The curve flattens out toward a plateau at larger thicknesses,
indicating that the condition of a nylon half-space is essentially reached.

Computationally, the two-layer situation is easily handled, since varying the top layer
thickness requires the computation of only one set of functions F(a/h,) and G(a/h,). The
practical range for the nylon-granite configuration was found to be 0 < a/h; < 3, and
discrete increments of 0-1 yielded satisfactory continuous description of these functions.

The second case studied was the three layer scheme of a hard layer sitting on a soft
one which in turn is supported on a hard half-space. It was realized by using a nylon—
neoprene-granite configuration, with two alternative thicknesses of neoprene: § and 4 in.,
respectively. For each of the two middle-layer thicknesses, the top layer thickness was
again varied between 5 and £ in. in 55 in. increments.

A special consideration concerns the Poisson’s ratio of rubber. For this nearly in-
compressible material, v is obviously close to 0-5. With E = 130 psi and p = 43 psi, v was
first taken equal to 0-495 and then to 0-4995, without producing any substantial change in
the outcome of the numerical computations.

The curves of experimental and theoretical results shown in Fig. 14 are in good agree-
ment. [t is evident that when the top layer is thin its behavior is largely due to flexure,
i.e. thin plate action. However, the action is increasingly described by a localized, contact
type phenomenon as the top layer is thickened. These effects are even accentuated as the
middle layer is made thicker.

For the computation of the three-layer situation, the numerical work is many times of
that for the two-layer configuration. For each top layer thickness, separate sets of F(a/h,)
and G(a/h,) functions must be generated now even as the middle slab thickness h, is kept
constant.

4. SUMMARY AND COMMENTS

An approximate method has been presented for the contact stress analysis of a multi-
layer medium consisting of two (or one) layers bonded to an elastic half-space. The ac-
curacy, and range of applicability of the method is demonstrated through a flat ended
punch example. Taking a six term representation, it is shown that for the case of a thick
layer (2h/a > 4), the maximum in surface displacement error was not much higher than the
round-off error in the computer, and when the layer is thin (2h/a ~ 0-2), the maximum
error was of the order of 0-1 per cent. It was also shown that when the substrate is soft,
the surface pressure could become tensile at some points, indicating a tendency for separa-
tion between the punch and the elastic medium.

Then the parabolic punch was considered. This involved a few simple changes from
the previous case (and some slight alterations in the computer program). Numerical results
were obtained to illustrate the effects of the different elastic properties and of the thicknesses
of the layers. The analysis was then extended to treat quasi-static impact on the multilayer
media. Some impact tests on multilayer media were performed and the contact times were
measured. These results correlated very well with analytical predictions.
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FIG. 14. Three-layer configuration : experimental and theoretical values of impact duration.

The following comments may be offered in conclusion:

1. The approximate technique employed in this paper is an accurate and versatile
method. It is felt that a similar approach would be profitable for crack problems in multi-
layer media.

2. In the case of a thin stiff layer bonded to a soft stratum, the thin layer behaves like
a plate. The surface pressure distribution may deviate substantially from the corresponding
homogeneous half-space solution.

3. The numerical results contained in this paper were computed for n = 4 or 5. It was
found that rewriting the base functions into orthogonal forms makes little difference to
the final numerical results. In the case of very thin layers, a larger value of n would be
necessary and then it may be desirable to rewrite the base functions into orthogonal forms.

Acknowledgements—Thanks are due to L. Cavanaugh for laboratory work on the impact experiments and to
John Charles Roth for excellent editing work on this article.
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APPENDIX

A composite half-space is composed of two bonded layers which are bonded to a homog-
eneous half-space. At the surface of the half-space axisymmetric pressure is prescribed
within the circle r < a.

A practical method to compute stresses and displacements within this composite half-
space is described in [47]. Suppose the surface tractions are prescribed as follows

p(r) r<a,
0, = { (A.1)
0 r<a.
O,; = 64, = 0. (A2)
The vertical displacement 4" within the first layer is given by
u—ull = [ " ez e M ofor) da, (A3
0]

where u¥ is the displacement if the same load is applied to a homogeneous half-space
and

pla) = J: p(r)J o(or)r dr. (A4)

The term #i,(z) is

2uiifoz,) = —[A}+(az, +ky)Cy] e "M +[B) +(az; —ky)Di] e 7). (ALS)

The functions C’ and D’ are solved from

&:Ci—fiDy = ji, (A.6)
82C1+ 12Dy = ja. (A7)
The coefficients, g,, g,, /1, /2, j; and j, are given by

Y(a)
1+k,

Ha 4oth (@)
py 1+k,

_(ﬁ+e—4ahz):| +(1_e—4ah1)4ahze—4ahz+

g, = —4ah,[ (A8)
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fi=d —e“‘“"')[#%—(ﬁ—ke‘4“"2):l—(4ah1 e~ ) (4oth, e 742 (A9)
2
g Y@ [ +ky e
Hy 1+k, ’
. lp((X) — 4akh — 4ah %) kll//(a)
= —| =" - ) [ — (1 +4ah,)dah 2 T2 .
J1 [1+k2 (B+e ) | —(1+4ah;)dah; e 4, 14k, (A.10)
g, = dah,(dah, e 42y (1 —e“‘“"')[#_l%) —(1+y e‘“"z)e_‘*“"’] (A.11)
2
1z W)k +e 4]
My 1+k, ’
fz - _(1 _e—4ah;)4ah2 eﬂtahz_4ahl e 4t [lll;(_o;() __(1 +y e~4ah2) e—4ahz] (A.lz)
2
Ha Yleah, g 4o
Hq 1+k, |
jp = dahy e (1 +4ah1)[——ll/iak) —(L4ye %) e"‘“"l] (A.13)
2
#2 (1+4ah, (o)
My L+k;
y and B are two constants defined by
Y = (ky—=kapa/ua)(1+ kapa/us), (A.14)
B = (ky+ pa/us)/(1 — pa/p3), (A.15)
and Y(«) is the function
() = B+ [By+(dahy)* 4 1] e~ 4=k 4y g~ 8ahz, (A.16)

ujand v; are the shear modulus and Poisson’s ratio, respectively, and k; is equal to (3—4 v,).
The functions A} and B are evaluated from,

Ay = —[(20h, +k,)Cy—D]/2, (A.17)
Bj = —[Cy+Qah,—k)D]/2. (A.18)

When there is only one layer over the half-space, and the pressure p(r) is applied over
the top surface of medium 2, all the ““1”’ subscripts are replaced by the subscripts 2 in
equation (A.5), and the functions 45, B, C5, and D), are given by

Cy = (1 +4ah, +y e~ *"))(a), (A-19)
5 = [4ahy(1+4ahy)+ 9B +7 e "/ (a), (A.20)
Ay = —[2uhy+ky)Cy— D52, (A21)

By = —[C)+Quh, —k,)D}]/2. (A.22)
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When the pressure loading is of the form,
pir) = —(1—r?@*y=*,  n=123....

the transformed pressure function is
%
pla) = a~2nr 12 (g) 2n—=1)2n—=3)...(3) (1) 4 4(a).

Also the surface displacement in the corresponding uniform half-space problem is

nn— 1)(2;";!3) . (3)(1)2F1(1 .77 )

zl‘lluf:' —(l—v) 2’ _nylay
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AbcTpakT—Ha OCHOBe K/TaCCHYEKCOI TEOPHH YIPYTOCTH PELIAETCA KOHTAKTHAs 3a1a4a B MHOTOYHCIIEHHOI
cpene. CMewiaHas Kpaesas 3aava npeobpa3oBaHa B oOwHii npuOIMXEeHHbIH cnocol, noaxonawmii ans
pacyeToB HAa CYETHOM MalluHe. YKa3blBaeTca Ha npumepe 3anaud BycchHecka, yTo pHOIMXKEHHbIH MeTOR,
Gosiee TOUYHBIH MO CPABHEHHMIO C HEJABHO OMyOIMKOBaHHBIM ‘‘CTporMM’’ aHanmu3oM. Bropoit npumep,
6osnee OGBIKHOBEHHO IPHMEHUMBI B HHXEHEPHOM NIPAKTHKE, 3aK/I04AETCA BeeMs rapabonuyueckuit npobo-
fiHuk. JlaloTcs udCHeHHbie pe3yabTaThl Ul ABOX TMPUMEPOB, AN WUTIOCTPALMM (H3NYECKU BaXHBIX
3¢ deKTOB MATKMX M TBEPAbIX C/IOEB W DA3HBIX TOJILIMH ciioeB. 3aTeM, aHanu3 obobilaetcs Ha cayvait
KBa3HCTaTHYECKOTo yaapa. [1puBoasTCa pe3ynbTaThl 3KCIEPUMEHTOB J18 CTAJIbHOIO HIapuKa, NaaatoLero
HAa HEHNOHHOW WIM pe3uHOBLIH cnoit. HaGnionaerca xopoloe cornacue Mexay pesyibTaTaMu aHaIMTH-
4EeCKMMU U 3KCNEPUMEHTAIILHBIMH,



