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Abstract

This Note is devoted to the theoretical study of the elastostatic fields at a vertex notch under general far-field loading conditions.
The analysis is based on the finite plane deformation hyperelasticity theory for an incompressible Mooney—Rivlin material. We
approach the solution, near the singularity, by a mixed asymptotic development. We show that the shape of the solution depends
on the opening angle of the notch and that there is singularity if the notch is concave. Furthermore, we show that a pure loading
mode II gives rise to the opening of the notch vertex in contrast to the linear elasticity. 7o cite this article: M. Arfaoui et al., C. R.
Mecanique 336 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Analyse asymptotique en déformation finie plane des champs élastostatiques au coin d’un secteur pour un matériau hy-
perélastique incompressible. Cette Note est consacrée a 1’étude théorique des champs élastostatiques au coin d’un secteur soumis
a des chargements généraux a I’infini. L’analyse est basée sur la théorie de I’hyperélasticité en déformation plane pour un matériau
incompressible de Mooney—Rivlin. Nous approchons la solution en déplacement, pres de la singularité, par un développement
asymptotique mixte. La forme de la solution dépend de I’angle d’ouverture du coin et nous montrons qu’il y a singularité si le
secteur est concave. Par ailleurs, nous montrons qu’un chargement en mode II pur donne lieu a I’ouverture du coin contrairement
a 1’élasticité linéaire. Pour citer cet article : M. Arfaoui et al., C. R. Mecanique 336 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

In solid mechanics, the determination of deformation and stress fields in proximity of cracks, corners, voids of
inclusions, and other material or geometrical imperfections, is of paramount interest. In these situations, the associated
elastic problem may admit a singular solution. In the linear elastic theory, several methods of singularity analysis are
used to calculate the singular stresses in the vicinity of the vertex of a two-dimensional notch [1,2]. Nevertheless, these
studies often yield strain fields which are locally unbounded and therefore in conflict with the underlying assumption
that justifies the kinematic linearization.

Without any doubt, the most important papers, within the framework of fully nonlinear finite elasticity, are those
written by Knowles and Stenberg [3,4]. They gave the earliest systematic analyses of the local fields for a symmet-
rically loaded traction-free crack in a homogeneous slab. Another fundamental paper is that of Stephenson [5]. He
investigated the general plane strain problems (mixed-mode loading). This analyse showed that the global nonlinear
Mode II crack problem cannot admit a solution that is antisymmetric about the crack axis for a class of an incom-
pressible Mooney—Rivlin materials.

With reference to notch problems, some analyses have been performed to compute the singular elastostatic fields
near the notch vertex by removing the requirement of infinitesimal deformations. Within the framework of fully
nonlinear elastostatics, early investigations seem to be due to Tarantino [6,7], who carried out a global plane-stress
analysis for an infinite compressible and incompressible Mooney—Rivlin sheet. The interesting work of Ru [8] aims to
give a finite plane-strain analysis of the deformations and stresses near the vertex of a compressible elastic bi-material
notch. Each of two edge-bonded dissimilar wedges is hyperelastic with the harmonic-type strain energy density which
facilitate the analysis. We note also the work of Gao [9] who used an alternative approach by dividing the singular
field into shrinking and expanding sectors for which the asymptotic equations are derived separately.

The purpose of the present work is closely related to that of crack analyses developed in [3—5]. The notch problem
is formulated and solved for an incompressible hyperelastic material under plane deformation condition in a fully
nonlinear finite elasticity context. In order to calculate the deformation and stress singular fields near the notch vertex
an asymptotic analysis is carried out. Finally, the structure of the singular deformation field is examined in detail.
Emphasis is placed on describing the notch-profile after deformation, proving Stephenson’s conjecture [5] in our
context and evaluating the asymptotic order of pressure and stress singularities. The most important differences with
respect to the predictions of the linear theory are evidenced and discussed.

2. Formulation of the global notch problem

Let £2 be the domain of the (x1, x2) plane characterizing the cross section of an infinite cylindrical body in its
undeformed configuration. We assume that the cylindrical body is subjected to a plane strain (deformation) so that the
position of material point (x1, x2) after deformation is (y1, y2). The plane domain §2 is described by:

2={(r0)10<r <400, —w<0<w} 1)

where (r, 6) are the material polar coordinates. In this model, the possibility of the notch faces coalescing until they
form an interface is admitted. The deformation is represented by a vectorial transformation y:

Yo =Ya(x1,x2) (x=1,2) forall (x,x2) € £2 with x4 (r, 0) 2
which maps £2 on to a domain £2* of the same plane. The geometry transformation subjected to the incompressibility
constraint is described by the second order tensor of a gradient transformation £:

[Faﬂ]:[%} (¢, 8=1,2) on$ and J:deté:l 3)

0xp
We introduce a class of polyconvex hyperelastic incompressible potential W per unit undeformed volume governed
by the Moony—Rivlin potential which satisfy the strong ellipticity condition:

-2
2

w(n ="~ on 2, u>0, I=u(ETF) )

For hyperelastic potential (4), the first Piola—Kirchhoff and Cauchy stresses tensors T and o are written, respec-
tively: -
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Fig. 1. The notch problem: the notch angle @ and the opening angle @.

ow
gzﬁ_Pi_T=M£—p£_T on £2 and
aw
g:;éT:(a_F>£T_p%:M££T_pé on 5)

while p is an arbitrary hydrostatic pressure field arising from the constraint of incompressibility. In the absence of
body forces, equilibrium in the undeformed configuration then demands that:

a ad a ad
Divi=0on 2 < —pzuﬂAya and—pzu&Aya on 2 (sumona =1,2) (6)
= or or 06 06

To satisfy traction-free boundaries conditions at the notch faces, we impose the following conditions:

M 0Ye BYa AL
in=0atf == & =—————and ————=0atf ==£w (sumon 7
e © P=12736 90 or 00 @ %) ™
where n is the external normal to the notch face. At infinity, the transformation y must be compatible with the kine-
matic mixed-mode loading conditions.
We now turn to the determination of the local structure of the pressure field from (6):

1 <8p dy2  dp 3yz>

8
ar 90 00 Or ®

HAy = —

P

Solving the global notch problem, at least in closed form, is a very complex task. Thus, asymptotic analysis are

commonly performed. In this case, solutions, which hold exclusively for points close to the vertex of the notch, are

sought. The local notch problem can be stated by requiring that the transformation satisfies the field equations and

the condition that the surfaces of the notch must be traction-free. The far field loading conditions in the formulation

of the local notch problem are ignored. We note that without corresponding requirements on the transformation field

at infinity this formulation is not a complete statement. However, the significance of the fields resulted by the local

formulation lies in their characterisation of the singular elastostatic field behaviour in the vertex region, namely, as

r— 0.

Let 3 be the class of all {y, o, p} that satisfy the boundary value problems. Then it is easy to prove that:

{y.o.p}C3 <& {gz, ggQT, plcs Vg Orthogonal second order tensor ®

This is assured by the objectivity of the constitutive equation (5) and by virtue of the form of the boundary condi-
tions (7). This property will be used later to better understand the nature of the local deformation field [5].
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3. Asymptotic analysis of the elastostatic field near the notch vertex
3.1. First order

On supposing that the global notch problem admits a solution, in order to investigate the singularity induced by the
vertex presence, it is assumed that such solution has the following form [3]:

Yo (r,0) = "™ Uq (0) +0(r™),  Uy(6) € C®([~w, w]) and Uy (6) # 0 (10)

m1 must be real constant to avoid the appearance of oscillations arising in the linearized local solution and satisfies the
inequality O < m < 1 in order to ensure bounded displacement but admit unbounded gradients at the notch vertex.
As suggested by [5], the exponent m1 in (10) replaces, without loss of generality, an eventual pair of exponents m(la).
This is justified by the objectivity of the constitutive equations. Finally, we suppose that the pressure field associated

with the global solution satisfies:
p(r,0) =r'"Pi(0) +o(r"") asr—0, P1() e C'([~w, w]), I €R% (11)

We now seek to determine the smallest exponent m2; € ]0, 1[ and the function U, appearing in (10) consistent with the
incompressibility constraint (3), the governing field equations (6) and boundary conditions (7). The incompressibility
constraint (3), together with (10), give:

J=mr?M DU 0)Ua(0) — Ur(0)U1(0)] + o(r>™ V) =1

= Uy=a,U (@=1,2) on[-w,ol, au €R* witha=,/a} +a] (12)
Governing field equations (6) and the boundary conditions (7), with (10), lead to:
miU+U=0 on[-w,o]and U(iw):OwithU:%—lej (13)
Therefore, the first asymptotic solution is:
Ya(0) = agr™ sin(m10) +o(r™) asr — 0 withm; = ;—w (14)

However, the inequality m < 1 implies that @ > 7 /2. Namely, the result (14) holds for concave notch problems only.
Consequently, the problem in the case of re-entrant notches (wedge, for w < 7 /2 ) does not admit singular solutions.
Nevertheless, such a solution provides the following estimate:

J= o(r”/“’_z) —o00 and p@r,60)= o(r”/“’_2) —o00 asr—0 (15)
and is therefore inadequate which reflects the degenerate character of the asymptotic approximation established so far.
3.2. Second order

The first order approximation to the local deformation in the vicinity of the notch vertex does not constitute an
invertible mapping. Consequently, we should refine (10) by seeking at least a two term approximation:

Yo =aqr™ UO) + 1" Ve (0) +0(r™) (@ =1,2), Vo) € C®([~w,w]), m; <mz R} (16)

m1 and U are now given by (14). Again, by virtue of the discussion that led to the adoption of (10), no generality is
lost in assuming equal exponents in the second term of (16). From the incompressibility constraint (3) with (16) one
can write:

mlUjfz—szWz:O on[—w,w] ifmy<my<2—m, Yo=a1Vo—arV (17

mU% —mUW¥ =1 on[—w,0] ifm <my=2—m (18)
The boundary conditions can be deduced from (17) and (18):

Un(tw) =0 ifmy <my<2—m (19)

Uy (tw) =1/mU(xw) ifmr=2—m (20)
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By inserting (16) into the field equations (6) and the boundary conditions (7), and recalling that satisfies (13), we can
prove that y» must verify the following eigenvalue equation:

. 2 o _
{)f2+m2X2_0 on[-w,w] ifmy <my<2—my, o=a1V1+aV> @n
x2(fw) =0
Solving the differential equations (17) and (21) with the boundary conditions (19) and (21) gives:
my=2m =n/w, Yr=b Sinz(mle), x2(0) = cocos(my0), br,cp €R 22)

In addition m, defined by (22) conforms to (17) which lead to the condition on w: 37 /4 <w < 7.
We now turn to the determination of the local structure of the pressure field, which has been assumed to admit the
representation (11). From (7), (8), (11), (16) and (22) follows:

p(r,0) =r'""P1(0) +o(r"")  withlj =mj =7 /2w and Py (0) = —1/(a*)by cos(110) (23)

We note that the dominant term in (16) has a degenerate Jacobian determinant J = o(r37/(2©)=2) Thus a higher order
asymptotic analysis is needed. The results of the second order asymptotic analysis are valid for notches obtained
as 3w /4 < w < w. When this condition is violated, namely when 7 /2 < w < 37 /4, we must relax the constraint
my <2 —mj and take my =2 — m1 > m1. This possibility will be discussed briefly in Section 3.4 (for more details
see [10]).

3.3. Third order for3n /4 <w <7

With a view to refining these estimates, when my < 2 — m1, we first replace (16) by:
Yo = aqr™ U 0) + 1" Ve (0) + 1™ Ry (6) + o(r™?)
Ry (0) € C°°([—a), a)]), my <my <m3 €RY (24)

The functions U and V,, are already known. Combining (24) with (6) and invoking the boundary conditions (7), one
finds after considerable computations that:

1 1 T
Ry = =laixs —aa¥3]l, Ry=—slax3+a¥s], my=2-—m=2—-_— (25)
a a 2w
1 1 1 13 I .,
U3 0,my) = — F|-——,—; = — —;sin“(m60) and x3=0on[—w,w] (26)
mims 2 mp 2 2 m

F stands for the hypergeometric function [S]. We note that the solution (24), (25) and (26) is available for 37 /4 <
w < 7. In the case of w =, the solution was done in [5].

At this stage and in order to deduce the intrinsic or canonical simple representation of y,, we apply the objectivity
property (9) by using a particular form of Q:

[Qup] = [“2/“ “”/"] 27)

aij/a az/a
to (24). One arrives at:

1 1
yi(r,0) = ——r"2 ¥ (0) — —r"3 s (0) + O(r"”)
a a

yo(r,0) = ar™ U 0) + %rmzxz(e) + o(r™?) (28)

The particular form of Q (27) corresponds to a rotation angle given by the mixed-mode loading of the first asymptotic

term, tan(¢) = —ay /az._We shall call the particular field deduced from (9) and (27) a canonical field, because it is the
standard representative element of the set J of local singular fields. To specify all the other elements of I we simply
apply the reverse formula of (9) and (27). We will see later the consequence of the canonical field. In order to calculate
an additional term for the pressure field, we now suppose that the pressure field conforms to:

p(r,0) =r'" PL(O) +r2 P2 (0) +o(r?), L >1 (29)

with /1, P1 supplied by (23) and /,, P>, unknown. Egs. (8), (28), (29) and the boundary conditions (7) lead to /I, =
m3 —my =2 — 7 with P, is a functional of ¥3 [10].
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3.4. Higher order for m/2 < w < 3w /4

These results are valid for notches obtained as 37 /4 < w < w. When this condition is violated, namely when
/2 < w < 3w /4, we must relax the constraint my < 2 —mj and take my =2 —m > m1. We show (see [10] for more
details) that when /2 < w < 37 /4, the solution is achieved by an asymptotic development to the second order which
has the same form as the third order term of the solution for 37 /4 < w < 7 (25) and (26). In the case of w = 37 /4,
the solution involve a logarithm term (& small parameter and ¥ is a known function):

27 4 .22 4 - 4
yl(r,9):8—r3Ln(r)sm 59 +r3Wy(0) +o(r3)
a
2 . (2 2.,
ya(r,0) =ar3 sin 59 +0(r3 ) 30)

4. Discussion of the deformation and stresses near the notch vertex and closure

Of particular concern is the deformation image of the notch vertex faces 8 = £w. Thus, to dominant order, the two
notch vertex faces at @ = £ are transformed into the curves represented by:

Yy = da™ /My ymImeif 6 e 1 /2, 37 /AU 37 /4, 7
yi = (81/8a°)y; Ln(xyz/a) if w=3m1/4 (31)

From (31), it follows that points near the notch vertex in the undeformed body lie to the right of this curve after
deformation. We note on the basis of (31) that the notch vertex is bound to open, regardless of the magnitude and
nature of the particular loading at infinity. This conclusion is in marked contrast to the predictions of the linearized
theory for a mode II loading [10]. From (28) and (30) we get the important result that, for arbitrarily given loading
conditions at the infinite edge, the asymptotic deformation field is obtained by a mere rigid rotation of the canonical
symmetric deformation field, or, likewise, of the solution of the mode I notch problem. More specifically, (28) and
(30) imply, in contrast to predictions of the linear elastostatic theory, that, even if the applied loading is antisymmetric
about the plane of the notch (mode II), the notch faces should open symmetrically at the notch vertex. Consequently,
the general nonlinear global notch problem, cannot admit an antisymmetric solution. The above result confirms how
this important property, which was demonstrated by [5] for a crack problem concerning an incompressible Mooney—
Rivlin material under plane strain, also holds in our context. At this stage we calculate the dominant terms of the
associated local true-stress field for. On account of (5) one has:

o1 = 5—2r4m1*2[(1 —m(@(0))” + (¥2(0))°] — r272m Py(0) + o(r™)

o2 = pa*r*2[(1 —m)2U2©O) + U(0)] + o(r>™~2)
o1y =031 = _rm1+m2*2{m1(1 _ m1)l1/2U + l]’zU} + O(rm1+l’i1272)
w 3w 3 .
for w € T U T,n with m = max(4m| — 2,2 — 2my) (32)
The most singular of the stress components in (32) is 022, which becomes infinite at the notch vertex like r2m=2,
In the transition case w = 37 /4, Eqgs. (5) and (30) may be used to deduce the corresponding stress field. We now
determine the dominant character of the true stresses when the latter are referred to the spatial coordinates y,. We

introduce the special coordinate y =,/ yf + y%, evaluated along the line & = 0 and one draws from (5), (28) and (30)

that:
~ p2mi 3 ~ p2mi T 3w
yor ifoe | y~r ifoe |, —
{mwyl—l/ml e } 4 ’”} {Gzzwyam]—zva—ml) hee 5.7
~ 43 3
y~r oo —
{022~y1/2 ifo=" (33)

For the crack problem, w = m, it follows from both (32) and (33) that the most singular component of the Cauchy
stress tensor has the asymptotic behaviour y~!, which is stronger than the inverse square root singularity predicted by
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linear fracture mechanics [2]. Egs. (32) and (33) show how the order of the stress singularities depends on the local
geometry of the notch: as the opening angle @ increases, the stress singularities decrease. In particular, for ® = 7,
the asymptotic behaviour of the component 2, reduces to (y~!/2). On the other hand, the order of stress singularities
as the opening angle varies does not depend on the type of far-field loading conditions, namely, it is the same for a
mode I and mode II problems. This is still in contrast with the predictions of the linear theory [2].
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