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In the present work, a Finite Element-Boundary Integral Equation (FE-BIE) coupling method is

proposed to investigate the probfem of axially loaded thin structures bonded to a homogeneous elastic
half-plane. Making use of a mixed variational formulation including the Green function of the substrate,
the axial displacement of the bar is interpolated using Lagrange polynomials of first or second order,
whereas the interfacial shear stress is approximated by piecewise constant functions. Bars subject to
different load conditions are investigated, including the case of a bar partially detached from the
substrate. The strength of interfacial stress singularities is investigated in detail.

© 2012 Published by Elsevier B.V.

1. Introduction

The problem of an axially loaded bar attached to a plate has been
widely investigated in mechanical and civil engineering, where it is
relevant to stress distribution in stiffened sheet [1]. Moreover,
interest in the problem has been renewed by composite materials
used in structural strengthening of concrete, steel, wood [2], ceramic
coatings protecting alloy substrate [3] and electronic devices with
metal films bonded to a polymer or silicon substrate [4]. A proper
mechanical model of thin film-substrate structures should be
adopted to evaluate stress concentrations and strain localizations.
Analysis of the stress singularity at the edge is important to evaluate
the initiation of the delamination between the film and substrate.
The assessment of these local effects is needed to properly design a
wide range of electronic devices and micro-components which are
typically subject to high stress levels and, in turn, to damaging
phenomena like fractures, failures and crack formation and growth.
To study stiffener reinforcing thin plates, generalised plane stress
state and bar model are often assumed [5-10]. Conversely, plane
strain state and membrane model are well-suited to thin films
bonded to a substrate [11-15].

The earliest classical study on plates reinforced with stiffeners
appears to have been initiated by Melan who analysed an infinite

* Corresponding author.
E-mail addresses: nerio.tullini@unife.it (N. Tullini), tra@unife.it (A. Tralli),
luca.lanzoni@unimore.it (L. Lanzoni).
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rib welded to the boundary of an elastic half-plane and loaded by
an axial force [5]. Melan obtained an analytical solution of the
problem and found a logarithmic growth of interfacial shear
stress in the neighbourhood of the load application point,
whereas the elastic half-plane loaded by a point force tangential
to its boundary is characterised by a square-root singularity, as
predicted by the Cerruti solution [16]. Nevertheless, this type of
singularity was found later by Buell [6] and Koiter [7] near the
stiffener edge of a semi-infinite bar bonded to a semi-infinite
plate and loaded by a point force at the end. The problem of a bar
of finite length bonded to an elastic half-space and subject to
various load conditions was investigated, for example, in [8-10].
In these references, the governing integro-differential equation is
solved by adopting power or Chebyshev polynomials series
expansion to approximate the unknown interfacial stress. In
[11] the stress induced in a semi-infinite elastic substrate by a
bonded thin film is studied solving the integral equation via the
finite difference method. The author adopted a length of the grid
elements varying along the longitudinal direction according to an
exponential law, in order to accurately evaluate the substrate
reaction, particularly near the film edge.

The finite element (FE) method was extensively adopted in
solving problems concerning layered systems because of its poten-
tial in simulating complex geometries and various loading condi-
tions. For instance, numerical computations based on FE method
were performed in [17] to evaluate stress distribution, strain
energy release rates and stress intensities in residual stressed
film-substrate systems. FE analyses were developed in [18] to
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assess the contact stress in single, double-layer and multilayered
coated systems subject to a Hertzian pressure distribution acting
on a portion of the boundary. In [19,20], both normal and
tangential load distributions are taken into account in order to
simulate interfacial friction effects. In [21] the stress distribution in
the substrate underlying the film was investigated by means of the
conventional FE method. In [12,13] FE programs were used to
evaluate interfacial and axial film stress, respectively, comparing
the results with those provided by some analytical models. A
conventional FE package was also used in [14] to predict the
cracking phenomenon in thin film-interlayer-substrate systems
subjected to tensile loading. In this reference, interface elements
characterised by a bilinear constitutive law are adopted in order to
predict the distribution of crack spacing in the film.

However, the application of the FE method to thin film-
substrate systems finds some limitations in simulating layers with
very different thicknesses [22]. Indeed, various kinds of electronic
devices involve film having thickness of the order of some
hundreds of nanometres, whereas the substrate thickness typically
equals some hundreds of micrometres or more. Moreover, it should
be noted that the FE meshes near the film-substrate interface and
in the region close to film edges must be refined to avoid the mesh
size effect on the magnitude of the interfacial stresses.

Boundary element (BE) method and boundary integral
equation (BIE) were also adopted to study layered systems. In
particular, BE technique based on elasticity theory can be used to
evaluate in a very efficient and accurate manner the mechanical
behaviour of coated systems involving thin layers, as long as the
nearly-singular integrals existing in the BE formulations are
handled correctly [22-24]. In [25,26] a BE method with funda-
mental solution for dissimilar materials is used in the thermo-
elastic analysis of interfacial stress and stress singularity between
a thin film and its substrate.

In the present work, the problem of axially loaded thin
structures bonded to a homogeneous isotropic half-plane is
studied by means of a FE-BIE coupling method. Thin bonded
structures are properly treated using bar FEs, without resorting to
2D thin structures, and BIE are restricted to the substrate only.
Hence, the relation between bar displacement and interfacial
stress involves the Green function of the substrate. Plane strain
or generalised plane stress condition for the bar-substrate system
is assumed. Using the theorem of work and energy for exterior
domains, a mixed variational formulation is utilised, with varia-
tional functions represented by bar displacement and interfacial
shear stress. In the proposed model, independent partition of bar
and underlying substrate can be used, and finite element mesh
involves the bar length only. Lagrange polynomials of first or
second order are adopted as interpolating functions of the
displacement field, whereas interfacial shear stress is described
through piecewise constant function. Mixed variational principle,
similar to the one presented in this paper, was used in [27] to
study the frictionless interaction of a Timoshenko beam with the
underlying soil. In this respect, the present work represents the
natural extension of the method to analyse a bar, with zero
bending stiffness, perfectly bonded to a substrate.

The interaction between an elastic bar and the underlying half-
plane is investigated in de he case of a bar loaded at the
midpoint by a horizontal fo magnitude P is treated first. The
response of the system is in terms of axial displacement, axial
force and substrate reaction, varying the rigidity parameter of the
bar. In particular, the strength of the interfacial stress singularity
is evaluated and discussed for this and other load conditions.
Comparison of the results furnished by the present model with
some classical solutions is given. Finally, the case of a partially
detached bar subject to a concentrated force or uniform thermal
variation is also considered.

It is worth noting that, in the proposed method, the weakly
singular BIE is evaluated analytically, avoiding handling of sin-
gular and hyper-singular integrals, that are the major concern of
the classical BE methods. Moreover, the dimension of the resol-
ving matrix is proportional to the number of bar FEs, unlike the
classical FE methods where a refined mesh requires a stiffness
matrix with dimension that is several times the square of the
number of bar FEs. These advantages allow accurate solutions and
the strength of the interfacial stress singularity can be correctly
assessed.

2. Variational formulation

An elastic bar of length L and cross section A bonded to an
elastic half-plane, as shown in Fig. 1, is considered. Reference is
made to a Cartesian coordinate system (O, x, y) centred at the
middle of the bar, with the vertical axis y directed toward the
half-plane and the horizontal axis x placed along the interface.
Both the bar and the semi-infinite substrate are considered
homogeneous and isotropic solids characterised by linearly elastic
behaviour. Small displacements and infinitesimal strains are
assumed in the analysis. In the following, E,, v, and ¢, denote
the Young modulus, the Poisson ratio and coefficient of thermal
expansion of the bar, whereas Es and vy, represent the Young
modulus and the Poisson ratio of the elastic half-space, respec-
tively. Generalised plane stress or plane strain regime can be
considered in the study; in the latter case, the width h of the half-
plane will be assumed unitary. The thickness of the coating is
assumed thin, making it possible to neglect its bending stiffness.
This assumption leads to the vertical component of stress (peel
stress) being ignored in the bar, consequently, only interfacial
shear stress t (x) occurs along the contact region. Moreover,
perfect adhesion is assumed between the bar and the half-plane
boundary, i.e. the extension of the contact region is known a
priori. The system is subjected to a generically distributed
horizontal load p(x) and thermal variation AT(x).

The solutions of the elastic problem for a homogeneous
isotropic half-plane loaded by a point force normal or tangential
to its boundary are known as Flamant or Cerruti solutions,
respectively [16,28]. In particular, the Green function E(x,fc) can
be expressed in closed form solution

gtet) =~ 2 XL M

where E=E or E=E;/(1- v2) for a generalised plane stress or
plane strain state respectlvely, and d represents an arbitrary
length related to a rigid-body displacement. Then, the horizontal
surface displacement u(x) due to the interfacial tractions acting
along the boundary between the half-plane and the bar can be
found by integrating the Green function E(X"A(): namely

u(x) = /L g AR, @

By means of the theorem of work and energy for exterior domains
[29], one can demonstrate that the total potential energy I1; for the

| » |
77/ 0777727777727 B
X

Y

Fig. 1. Bar attached on semi-infinite substrate.
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half-plane equals one half of the external work of loads [27]
Il =— ﬁ t(x)u(x)dx, 3)
2
By introducing Eq. (2) into Eq. (3) one obtains
Il = —g / t(x)dx / g(x,Xt(X)dx, 4)
L L

The total potential energy for the bar in terms of the mechan-
ical and thermal components of axial strain can be written as
follows [30]:

1, = %/LEOA(X)[u’(x)—ocOAT]zdx—h/L[p(x)—t(x)]u(x)dx, (5)

where Eq=E,, po=0p or Eg=E,/(1-v3), ag=(1+vp) o for a
generalised plane stress or plane strain state, respectively, and
prime denotes differentiation with respect to x. It is worth noting
that axial force in the bar is given by N(x)=EA(x)[u/(x) — 0pAT].

Finally, the total potential energy I1=1I1,+II; of the system is
found to be

II(u,t) = % /L EoA[W' (X)—0gATPdx—h /L [P(X)—t(x)Ju(x)dx
h P
~3 /L t(x)dx /L g(x,X)tXx)dx, (6)

Similar variational formulation can be found in [27], where a
Timoshenko beam in frictionless contact with the underlying soil
is studied. In the framework of contact problems, useful mathe-
matical references are [33-35], where well-posedness of the
variational problem and of the corresponding Galerkin solution
is set in proper abstract functional framework. Nonetheless,
Eq. (6) has not been previously suggested to study axially loaded
bar bonded to an elastic half-plane.

3. Finite element model

Both the elastic bar and the substrate boundary are divided
into finite elements. In particular, the bar is partitioned into finite
elements of length [; and a set of linear or quadratic Lagrange
polynomials Nj(¢) is adopted as sha nctions [36], where &
represents the dimensionless local coordinate, i.e. E=x/l;. As
customary, nodal displacements q; characterize completely the
axial displacement in each finite element by means of the vector
N(¢) containing the shape functions:

u(&) =[NE"q;. 7

The substrate boundary underlying the bar is divided into
finite elements also. It is worth noting that mesh for the surface of
the half-plane can be defined independently from that of the bar.
Similar to expression (7), the interfacial shear stress arising in the

e

ith substrate element can be approximated as follows:

(&) =[pOI"t;, ®

p being a vector collecting the shape functions and t; represents
the vector of nodal substrate tractions. In the present study, only
piecewise constant functions are used to interpolate the shear
tractions in Eq. (8). As shown later, this assumption will lead to
accurate results.

In the following, each bar element with linear polynomials may
have either one or two equal constant substrate elements of total
length I;, denoted by B1S1 or B1S2, respectively (Fig. 2a and b).
Similarly, bar element with quadratic polynomials and either one or
two equal constant substrate elements are denoted by B2S1 or B2S2,
respectively (Fig. 2c and d).

Substituting Eqs. (7) and (8) in variational principle (6) and
assembling over all the elements, the potential energy takes the

a b

1 2 1 2
?—? B1S1 B1S2
c d

1 2 3 1 2 3

?—0—? B2S1 ?—?—? B2S2

Fig. 2. Linear (a, b) and quadratic (c, d) bar elements including one (a, c) or two
(b, d) equal substrate elements.
expression:
1 1 T T 1
I(qt)= 5 K,q—q F+q Htfjt Gt, ()]

where K, is the bar stiffness matrix and F the external load vector,
whose elements take the usual form

1
ky =1 /O EsAN/(ON(E)E, (10)

1
fi=l; /0 (N(OPEh+NYEOEAE) AT AE, an

The components of matrices H and G are given by the following
expressions:

-1
hy = hl; /O Ni(&)p(&)de, 12
gi=h [ w0 [ s od >

where x;, x;,.1 are the coordinates of the ith element and element
matrices of Eq. (9) are reported in the Appendix. It should be
noted that, unlike the local pressure-displacement law assumed
in a Winkler-type model [3A1,32], the present formulation takes
into account the nonlocal response of the system through the
fully populated matrix G. Furthermore, the integral in Eq. (13) is
weakly singular, i.e. always exists in the Cauchy principal value
sense and is finite. The use of piecewise constant functions to
interpolate the shear stress leads to a simpler analytical evalua-
tion of components g; in Eq. (13). Moreover, it can be proved that
the approximated shear stress converges to the shear stress
solution in the proper functional space [37,38]. Higher-order
degree interpolating functions make the analytical integration
more cumbersome and numerical evaluation of a weakly singular
integral needs to be considered, with an increase of computa-
tional burden. Nonetheless, for fixed number of finite elements,
the use of higher-order degree interpolating functions could
increase the convergence rate.

As usual, the problem can be solved by imposing the potential
energy functional (9) to be stationary, leading to the following
equality:

ot -{o} a9

The solution of Eq. (14) provides the nodal displacements and
tractions

t=G 'H'q, (15)
(K, +Ks)q=F, (16)
K; being the stiffness matrix for the substrate.

Ks =HG 'H'. a7)

In particular, Eq. (16) represents the discrete system of equations
governing the response of the bar-substrate system.
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In the case of a bar detached from the substrate between the
nodes d; and d,, where no shear stress is transmitted, the bar
stiffness matrix K}, is assembled as usual and system (14) can be
partitioned as follows:

H; q Fp

K 0 F,
b Qa | _ ) ¥a (18)

Hr | ] qr Fr

H o0 H —G|| ¢t 0
where q.=[q1, ..., ¢a1]" and qg=[q42, ..., qn]" are the nodal

displacements at the left and right side of the detached region
having nodal displacements qg=[qq1, ..., qa=]" and F;, Fg and Fy
are the corresponding external load vectors. Moreover, tractions t
as well as matrices H;, Hg are defined in the bar FEs attached to
the substrate only.

3.1. Numerical properties of the FE model

The mapping properties of the BIE (2) are well known [38-39].
In particular, a continuous, positive-definite and symmetric
bilinear form is associated to the logarithmic kernel (1), whereas
stability and convergence of Galerkin scheme related to Eq. (15)
was verified in [38] for increasing number of piecewise functions.
Consequently, G and G~ ! being positive definite (i.e. y'Gy > 0 and
y'G~ 'y > 0 for all nonzero y), K; is also positive-definite for all q,
except for the special occurrence H'q=0, i.e. for q belonging to
the kernel of H. In fact, by pre and post-multiplying both sides
of Eq. (17) by vectors q' and q, respectively, one obtains
q'K.q=q"HG'H"q > 0 provided that y=H"q is a nonzero vector
[40]. Moreover, K, being positive definite, the sum of K,+K; in
Eq. (16) remains positive-definite even with K, being positive
semidefinite. In fact, q"(K,+K;)q=q"K,q+q"Kq > 0 for all q not
belonging to the kernel of H.

In the case of equally spaced B1S1 elements, each of which
includes one substrate element, the kernel of H' contains the
vector q=[1, -1, 1, .]T, which gives rise to zero mean
axial displacement in each element. In this case, the work done
by the axial force and the constant substrate tractions is zero
(see Fig. 3a), yielding spurious zero energy modes. Nonetheless,
if equally spaced B1S2 elements are used (Fig. 3b), the null
space of H'={0} and K; is found to be positive-definite for all
vectors q.

Usually, stability and convergence of the mixed FE model may
be verified by checking the behaviour of the smallest generalised
singular value of H', which is related to the inf-sup (or LBB)
condition [41]. In fact, zero singular values of H characterize the
null space of HT and, in this respect, B1S1 element does not satisfy
the inf-sup condition. Nonetheless, the numerical examples
considered in the next section have solutions not belonging to
the kernel of H', for this reason FEs not satisfying the inf-sup
condition can be used in some cases.

BI1S1

Fig. 3. Linear bar elements including one (a) or two (b) equal substrate elements characterised by nodal displacements q=[1, -1, 1, —1, ...

interfacial stress.

4. Numerical examples

In the present section, several loading cases of a bar bonded to
the underlying half-plane are considered and discussed. Unless
otherwise stated, a number of 512 equal B2S1 FEs are used to
model the elastic bar, where a single substrate element is
included in each bar element, and a proper value is imparted to
the length d associated with a rigid displacement, such as to
involve zero displacement at the bar end.

Similar to [1], the parameter characterising the elastic
response of the bar-substrate system is taken as

EhL
L= Foa
Low values of SL characterise short bars stiffer than the substrate,
when the bar performs like an almost inextensible stiffener.
Higher values of fL describe more flexible bars, thus are appro-
priate for long bars bonded to stiff substrate.

(19)

4.1. Bar subject to a horizontal point force at the midpoint

The case of a bar bonded to the underlying substrate and
loaded by a horizontal force of magnitude P applied at the
midpoint is discussed first. In Figs. 4-6 dimensionless axial
displacement u/[P/(Esh)], axial force N/P and substrate reaction
t/[P/(hL)] are plotted versus the dimensionless abscissa x/L, for
three values of the rigidity parameter, i.e. fL=1, 10, 100, respec-
tively, which correspond to decreasing stiffness of the bar with
respect to the substrate. In the same figures, axial force and
substrate reaction corresponding to a number of 16 equal B1S1
finite elements are also reported. In this case, the axial force is
piecewise constant and adequately predicts the actual distribu-
tion for fL=1 and 10.

Fig. 4 refers to fL=1, the bar tends to behave like an
inextensible stiffener, resulting in an almost bi-linear trend of
horizontal displacement, as shown by Fig. 4a. Also the axial force
varies linearly and exhibits a jump in correspondence with the
point of load application, whereas substrate shear reaction in the
neighbourhood of the bar ends is well approximated by the
analytical expression arising from the problem of inextensible
stiffener [10,42]:

2P 1

mhL \/1-4(x/Ly?

where a singular behaviour at the bar ends is expected. This
behaviour can be observed in Fig. 4c even using only 16 equally-
spaced B1S1 FEs.

Conversely, for high values of ﬁL, the effects of the longitudinal
force are concentrated in the neighbourhood of the point force
application, as depicted by Fig. 6. In particular, the shear tractions
and horizontal displacement assume low values along the entire
bar, except around the application of the point force. In this case,

t1(%) = (20)

B1S2

I" and piecewise constant
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Fig. 4. Bar loaded by a concentrated force at the midpoint. Axial displacement (a),
axial force (b) and substrate reaction (c) along the bar foL/E'L:],

16 equal B1S1 FEs are unable to predict adequately the bar
midpoint reaction, as shown in Fig. 6c.

In the neighbourhood of the point load, Melan solution is a
good approximation [1,5]

o Lal (B sl

tr(X)=— %2ﬁ {a ([;x) cos ([fZX> +si ([52)(> sin ([32)()] (22)
where si and ci denote sine and cosine integrals, respectively. The
interfacial shear stress in the neighbourhood of the bar midpoint
and bar end is reported in Fig. 7. In order to compare the results
obtained by the proposed model with analytical solutions, a
suitable mesh refinement is implemented by means of 202
logarithmically spaced B2S1 FEs. In particular, with reference to
the positive axis only and disregarding the B2S1 FE internal
points, a number of 37 logarithmically spaced points are gener-
ated in the interval [10~3, 0.1]/L, 10 logarithmically spaced points
in the interval [0.1, 0.4]/L and 55 logarithmically spaced points in
[0.4, 0.5—10"7]/L.

In Fig. 7a, the shear stress in the neighbourhood of the point
load is plotted in dimensionless form versus fx As x tends to zero,
Melan solution reported in Eq. (22) reduces to

lingtz(x) __PhE {y+log <ﬂx)} %] (23)

h2n

a BL=10

10 IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIlIIII

ul[PI(Eh)]
=)
O
|
I
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x/L

Fig. 5. Bar loaded by a concentrated force at the midpoint. Axial displacement (a),
axial force (b) and substrate reaction (c) along the bar for, fL=10.

where y is the Euler constant, with numerical value approxi-
mately equal to 0.5772. As shown in Fig. 7a, the Melan solution is
retrieved for )L > 5. Moreover, the curves of the interfacial shear
stress for different values of pL are characterised by almost the
same slope. Therefore, logarithmic singularity occurs for all values
of the bar-substrate parameter. For fL=1, the Euler constant in
Eq. (23) has to be replaced with numerical value approximately
equal to —1.6. Note that the curve related to the shear stress for
BL=5 is below those concerning the shear stress for fL=1, since
the dimensionless shear tractions are normalised with respect to
the parameter L. N

Fig. 7b shows (in logarithmic scale) the dimensionless shear stress
versus x/L in the neighbourhood of the bar end. For PL=1, interfacial
shear stress is well approximated by Eq. (20) related to the inexten-
sible stiffener. Moreover, a square-root singularity also occurs for
SL=10 and 100, but with different Etrengths of singularity.

4.2. Shear stress singularity factor Ky for some load conditions

The strength of singularity of the interfacial stress in the
neighbouring of the bar end x/L=0.5 can be investigated by
means of the shear stress singularity factor Kj;, typically defined
as [43]

Ky = 1112}2\/27T(L/2 —X)t(x) 24)

From a numerical point of view, the function on the right hand
side of Eq. (24) is evaluated at various locations x/L, the value
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located at 10~ %/L from the end is the sought value of Kj. The
interval [0.5—10~7, 0.5]/L is disregarded since large oscillations
in interfacial stress occur. For a bar loaded by a horizontal point
force at the middle, the values of Kj; evaluated in the neighbouring
of the bar end x/L=0.5 may be smaller than those evaluated at the
middle through Eq. (24). Indeed, Kj; tends to infinity for x=0
because of the logarithmic singularity occurring at the midpoint.
In this case, Eq. (24) is a nonmonotonic function of x.

a BL = 100
30 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
= - L
S 15 -
Q_.4 n -
E i L
00 IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
b 0.5 0.0 0.5
05 IIIIIIIIIIIIIIIIIIIlIIIIIIII|IIII|IIII|IIII|IIII
] ne =16 L
N i
= 00 -
-05 IIII|IIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIII
0.5 0.0 0.5
500 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
§ i L
= 25.0— —
& ] -
= . ne =16 N
00 IIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.5 0.0 0.5

x/L

Fig. 6. Bar loaded by a concentrated force at the midpoint. Axial displacement (a),
axial force (b) and substrate reaction (c) along the bar for /fh:]OO,

&=

Fig. 8 shows the Kj factor, in dimensionless form, versus
1/2 —x/L for a bar loaded by a horizontal point force at the middle
and at the bar end, for some values of the parameter L. As
reported in Fig. 8a, for a bar loaded by a point force at the
midpoint, the Kj factor in the neighbourhood of the bar end
decreases as fL increases, confirming the fact that the strength of
the interfacial stress singularity diminishes for complaint bars.
Indeed, the largest value of the strength singularity is reached for
an inextensible bar, for which Eq. (20) yields

2 P p
Ky = \/:— —07979—_
. T hyL hvL

Conversely, for a bar loaded at its right end by a tangential
point force, the Kj; factor increases with the compliance of the bar,
being the smallest value of Kj; attained for an inextensible bar, as
shown in Fig. 8b. This behaviour is reflected in Fig. 9, which
depicts the values of the Kj; factor in the neighbourhood of the bar
end, varying the rigidity parameter fL for different load condi-
tions. As expected, for a very stiff bar (fL—0), the strength of
singularity is weakly sensitive to the position in which the load is
applied, as shown by the curve of Fig. 8b for an inextensible bar,
for which the Kj; factor is almost constant along the bar. None-
theless, even for small values of fL, the Ky factor significantly
depends on the stiffness and the load position. This confirms that
the interfacial stress tends to concentrate in correspondence with
the point of load application, particularly for compliant bars.
Moreover, for P in x/L=1/2, the K;; parameter agrees well with
that calculated by Koiter [7] who studied a semi-infinite bar
bonded to a half-plane and loaded by a point force at its end,
which can be evaluated as follows [15]:

P P
Kll,Koiter = \/BE = \/'[TLT«/Z (26)

In particular, for SL > 4, Eq. (26) differs from the Kj; factor by less
than 3%. It should be noted that, for some special values of x/L
(e.g. P in x/L=0.4), the K;; parameter is not monotonic increasing
with L.

for BL—0 (25)

4.3. Axial force for the bar subject to a horizontal point force at the
midpoint or at the end

The dimensionless axial force versus px for a bar loaded by a
concentrated force at the midpoint is reported in Fig. 10a for some
values of l)’L. The numerical results agree well with Melan solution
for pL=100, i.e. for a sufficiently compliant bar with respect to
the underlying substrate. Nonetheless, Melan solution is well

a b .
15 = L Lol L |||||||:]0
4 - E BL:I E
T i 7| inextensible C
<R N = !
[eaX N B a r —~
= 4 L ] C 2
2 S Ll C X
S B S
= 0.5 - 0.1
i . dpL=100 N
0 T T T T T T T T T LI s | | L 0.01
0.001 0.01 0.1 04 0.49 0.499
xL

Bx

Fig. 7. Bar loaded by a concentrated force at the midpoint. Substrate reaction in the neighbourhood of the bar midpoint (a) and bar end (b).
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Fig. 8. Shear Stress Singularity Factor Kj; in the neighbourhood of bar end x/L=0.50. Bar loaded by a concentrated force at the midpoint (a) and at the bar end (b).
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Fig. 9. Shear Stress Singularity Factor Ky in the neighbourhood of bar end
x/L=0.50 versui/fL for bar loaded by a concentrated force at x/L=0.50, 0.49,
0.40, 0.0, —0.50.

retrieved for lower values of liL also, i.e. for liL > 5 provided that
Bx <1/2. Moreover, the dimensionless axial force versus fL/2— fx
for a bar loaded by a concentrated force at the end is reported in
Fig. 10b. The curve related to fL > 10 practically coincides with
the Koiter solution, even if a large agreement with respect to this
classical solution can be observed forliL> 5if B(L/2—x) < 1. For
rigid bars (e.g. /3L 1), the axial force along the bar tends to a
linear trend, as “Shown by Fig. 4b.

4.4. Bar subject to uniform thermal load

The case of an elastic bar loaded by a uniform thermal
variation AT is similar to that of a bar symmetrically loaded by
two opposite forces applied at the ends (see Fig. 11). In particular,
the axial displacement and the interfacial shear stress of a bar
subject to a uniform thermal load AT coincide with those induced
in the bar by two opposite axial forces of magnitude @ =EyAcoAT
applied at the ends [15]. As for the discrete problem and

assuming consecutive bar FEs, the vector of equivalent external
loads reduces to F=60 [-1,0, ..., 0, 1]" (see Appendix). The axial
force of a bar subject to two opposite forces @ equals that of the
same bar subject to a thermal load AT increased by the quantity
EoAopAT. Moreover, the stress intensity factors in the neighbour-
hood of the ends of a bar under thermal load, Ky(AT), can be
obtained by properly superposing the Kj factors of a bar subject
to two opposite forces of magnitude @, For example, Ky(AT) in
x/[L=0.5 can be evaluated as Kj related to an axial force of
magnitude @ acting at x/L=0.5 plus Ky related to an axial force
of magmtude — @ acting at x/L= —0.5, i.e. K;(AT, x/L=0.5)=Ky( O,
x/L=0. 5)+KH( -0, x[L=-0.5).

4.5. Detached bar

Some results concerning a bar detached bar between x/L=0.30
and x/L=0.40 are reported in Figs. 12-15. For a bar with fL=10
and loaded by a point force applied at the bar end, dimensionless
axial displacement, axial force and interfacial stress are depicted
in Fig. 12a-c, respectively. As expected, constant axial force and
zero substrate reaction are found inside the detached region.
Apart from the neighbourhood of the detached region, the results
related to the detached bar are almost identical to those of the
fully bonded bar.

A number of 261 logarithmically spaced B2S1 FEs are used. In
particular, disregarding the B2S1 FE internal nodes, a number of
55 logarithmically spaced points are generated in the intervals
[-0.5+10"7,—0.4]/L, [0.2, 0.3—10"7]/L, [0.4+107, 0.45]/L and
[0.45, 0.5710*7]/L, where stress singularity is expected. At the
ends of the detached region, the shear stress singularity factors Kj;
are defined as

Ku(0.3L)= lim /27(03L=x)t(0) 27)
Ki(04L) = lim \/2r(x=0.4L)t(x) (28)

Similar to Fig. 8, Fig. 13 shows the shear stress singularity
factor Ky for the detached bar loaded by a concentrated force P
applied at the bar end for some values of BL As reported in
Fig. 13a and excluding the case of an inextensible bar, the Ky
parameters in the neighbourhood of x/L=0.4 are smaller than the
same quantities evaluated near the bar end (Fig. 13b). Moreover,
as shown by Figs. 13b and 14, the Kj; factors in the neighbourhood
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Fig. 10. Axial force versus fx for a bar loaded by a concentrated force at the midpoint (a) and axial force versus f§(L/2 —x) for a concentrated force P applied at the bar end

X/L=0.50 (b).
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Fig. 11. Sketch of a bar loaded by a uniform thermal variation. This load situation
is similar to two opposite axial forces of magnitude @ =EAqoAT applied at the
ends of the bar.
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Fig. 12. Bar loaded by a concentrated force P applied at the bar end x/L=0.50 and
detached between x/L=0.30 and x/L=0.40. Axial displacement (a), axial force
(b) and substrate reaction (c) along the bar for /ff10.

of the bar end are slightly greater than the corresponding Kj
factors of a perfectly bonded bar.

For a bar with fL=10, dimensionless axial displacement, axial
force and substrate reaction of a detached bar subject to a
constant thermal variation —AT are reported in Figs. 15a-c,
respectively. As expected, the maximum amplitude of horizontal
displacement occurs at the end of the bar, whereas the axial force
attains the largest magnitude in the middle. Small differences are
found with respect to the solution of the bonded bar, except in the
neighbourhood of the detached region.

5. Conclusions

A coupled FE-BIE method has been proposed to evaluate the
mechanical behaviour of elastic thin structures bonded to a
homogeneous isotropic half-plane under axial forces or thermal
loads. Plane strain or generalised plane stress regime of the bar-
substrate system has been considered in the present study. Bar
FEs have been used to simulate the bonded structures, whereas
the behaviour of the semi-infinite substrate has been represented
through BIE only. A mixed variational formulation involving the
Green function of the half-plane has been used, providing a
proper relation between the axial displacement and the inter-
facial stress. The proposed method has been utilised to study in
detail the contact problem of an elastic bar bonded to a half-
plane. The evaluation of the strength of the stress singularities
occurring at the ends of the contact region and in the neighbour-
hood of the point of load application has been given in terms of
shear stress singularity factors. Various loading conditions of the
bar have been investigated, including the case of a bar partially
detached from the substrate. The rigidity parameter ﬁL, repre-
senting the stiffness of the bonded bar with respect to the half-
plane, is found to characterize the mechanical response of the
system. In particular, for a bar loaded at the midpoint by an axial
force, a large agreement among the obtained results with the
Melan solution is found for fL>100, ie. for a sufficiently
compliant bar with respect to the underlying substrate. In fact,
a substantial agreement with respect to the Melan solution is also
found for lower values of fL in the neighbourhood of load
application. Moreover, for fL=1 (rigid bar), the substrate reaction
provided by the analytical solution of the contact problem for an
inextensible bar is retrieved. For a bar axially loaded at the end,
the comparison of the obtained results with the Koiter solution is
given, establishing a large agreement for EL >10. A good
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Fig. 13. Detached bar loaded by a concentrated force P applied at the bar end. Shear Stress Singularity Factor Kj; in the neighbourhood of x/L=0.4 (a) and bar end
x/L=0.5 (b).
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agreement is also found for L >5 in the neighbourhood of the
bar end. In both cases, the shear stress is found to be concentrated
in correspondence with the point of load application, particularly
for compliant bars. The case of bars loaded by a uniform thermal
variation is also discussed, establishing similarity with respect to
the problem of a bar loaded at the ends by two opposite axial
forces. Finally, a detached bar loaded by an axial force at an end or
by a thermal load is considered, establishing almost the same
results of a completely welded bar, except in the region close to
the detached zone. Nonetheless, the shear stress singularity
factors evaluated in the neighbourhood of the bar end are smaller
than those related to a perfectly bonded bar due to the fact that
the interior detachment diminishes the length of the bonded
region, resulting in increasing of the stiffness of the bonded
portions of the bar.

x/L

Fig. 15. Bar subject to a thermal variation — AT and detached between x/L=0.30
and x/L=0.40. Axial displacement (a), axial force (b) and substrate reaction
(c) along the bar for*/3L=10.
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_Appendix

In the following a prismatic bar element subjected to uniform
loads p and with a constant substrate pressure is considered. In
the case of Lagrange linear functions Ny=1-—¢ and N,=¢, element
matrices appearing in Eq. (9) become

EAT 1T -1
Ky = — ,
T {—1 1 }

F; = phl;/2[1,11" + EoAog AT[—1,1]T,
H; = hl;/2[1,17,
for the ith bar element including one substrate element,

hi[3 1
Hi_?{l 3}'

for the ith bar element including two equal substrate elements.

In the case of Lagrange quadratic functions N;=1—3&+2&2,
N,=4¢ (1-¢) and N3=¢ (2€—1), element matrices appearing in
Eq. (9) become

i 7 -8 1
K,,i:% -8 16 -8/,
11 -8 7

F; = phl;/6[1,4,1]" +EgAc, AT[—1,0,17T,

H; = hl;/6[1,4,1]",

for the ith bar element including one substrate element,

hl 5 -1
o
R I

for the ith bar element including two equal substrate elements.
Finally, components of matrix G are as follows:

2h d
8ii = 7E 12< +In l)

2h
8= {ll( +lnd>+G(xj+1—x,+1) G(Xj 1 1—X)—G(Xj—X; 1)+ G(X;—X;)
fori=#j.

where G(x)=x%/2 In|x|.
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