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defects are isotropically distributed and vacuous. These surfaces correspond to the set
of all critical Cauchy stress states at which cavitation ensues; general three-dimensional
loadings are considered. Their computation requires the numerical solution of a
l{e}{words:_ nonlinear first-order partial differential equation in two variables. The theoretical
Finite strain results indicate that cavitation occurs only for stress states where the three principal
m;ct;%i;rgs;ures Cauchy stresses are tensile, and that the required hydrostatic tensile component
Bifurcation increases with increasing shear components. These results are confronted to finite-
Failure surfaces element simulations for the growth of a small spherical cavity in a Neo-Hookean block

under multi-axial loading. Good agreement is found for a wide range of loading
conditions. Comparisons with earlier results available in the literature are also provided
and discussed. We conclude this work by devising a closed-form approximation to the
theoretical surface, which is of remarkable accuracy and mathematical simplicity.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the preceding paper Lopez-Pamies et al. (2011), henceforth referred to as Part I, we proposed a new strategy to study
cavitation in elastomeric solids. The basic idea was to first cast this phenomenon as the homogenization problem of
nonlinear elastic materials containing random distributions of defects, which were modeled as disconnected nonlinear
elastic cavities of zero volume, but of arbitrary shape otherwise. By means of a novel iterated homogenization technique,
we then constructed solutions for a specific but fairly general class of distributions and shapes of defects. These included
solutions for the change in volume fraction of the underlying defects as a function of the applied loading conditions, from
which the onset of cavitation — corresponding to the event when the initially infinitesimal volume fraction of defects
suddenly grows into finite values — could be determined. The distinctive features of the theory are that it: (i) allows to
consider 3D general loading conditions with arbitrary triaxiality, (ii) is applicable to large (including compressible and
anisotropic) classes of nonlinear elastic solids, (iii) incorporates direct information on the initial shape, spatial distribution,
and mechanical properties of the underlying defects at which cavitation can initiate, and, in spite of accounting for this

* Corresponding author. Tel.: +1 631 632 8249; fax: +1 631 632 8544.
E-mail addresses: oscar.lopez-pamies@sunysb.edu (O. Lopez-Pamies), toshio.nakamura@sunysb.edu (T. Nakamura),
martin.idiart@ing.unlp.edu.ar (M.I. Idiart).

0022-5096/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j,jmps.2011.04.016


www.elsevier.com/locate/jmps
dx.doi.org/10.1016/j.jmps.2011.04.016
mailto:oscar.lopez-pamies@sunysb.edu
mailto:toshio.nakamura@sunysb.edu
mailto:martin.idiart@ing.unlp.edu.ar
dx.doi.org/10.1016/j.jmps.2011.04.016

0. Lopez-Pamies et al. / ]. Mech. Phys. Solids 59 (2011) 1488-1505 1489

refined information, (iv) is computationally tractable since the relevant analysis reduces to the study of two Hamilton-
Jacobi equations in which the initial volume fraction of defects plays the role of “time” and the applied load plays the role
of “space”.

The objective of this paper is to make use of the theory developed in Part I for the first time. Motivated by an application
of practical interest that at the same time can lead to results that are as explicit as possible, the problem that we consider
here is the construction of an onset-of-cavitation criterion for Neo-Hookean materials, in which the underlying defects are
isotropically distributed and vacuous, under general 3D loading conditions. In this regard, it is appropriate to remark that the
Neo-Hookean material model describes reasonably well the response of vulcanized natural rubber (Treloar, 1944), as well
as that of other commercially utilized elastomers (see, e.g., Lopez-Pamies, 2010), over a wide range of deformations.’
Moreover, the distribution of defects is expected to indeed be isotropic within elastomers prepared by most typical
processes of synthesis/fabrication. On the other hand, the assumption that the defects are vacuous is adopted here mainly
for computational simplicity, but also partly for lack of a better experimentally based constitutive prescription. The
emphasis of the selected application aims then at shedding light on the effect of load triaxiality on the onset of cavitation
in standard rubber. In this connection, it is important to recall that the majority of cavitation analyses available in the
literature have restricted attention to pure hydrostatic loading conditions (Horgan and Polignone, 1995; Fond, 2001). Yet,
the occurrence of cavitation is expected to depend sensitively on the triaxiality of the applied loading, and not just on the
hydrostatic component (Gent and Tompkins, 1969; Chang et al., 1993; Bayraktar et al., 2008). The results to be generated
in this paper seek to quantify this dependence.

In addition to the analytical results derived from the theory of Part I, in this work we also generate numerical finite-
element (FE) results for the onset of cavitation in Neo-Hookean materials under general loading conditions. More
specifically, our strategy is to generate full 3D solutions for the large-deformation response of a Neo-Hookean block that
contains an initially small, vacuous, spherical cavity located at its center. The critical loads at which cavitation occurs are
then identified as the affine loads externally applied to the block at which the initially small cavity suddenly grows to a
much larger size. While this numerical approach seems simple enough, its presentation in the literature is not known to
the authors.

In Section 2, for convenience and clarity, we recall the cavitation criterion developed in Part I for the case when the
defects at which cavitation can initiate are isotropically distributed and vacuous. Section 3 deals with the further
specialization of this criterion to Neo-Hookean materials and presents the main result of the paper: inside a Neo-Hookean
material, cavitation occurs at a material point P whenever along a given loading path the principal Cauchy stresses t; (i=1,2,3) at
that point first satisfy the condition

8t1tats—12u(t1ty +tits +tots) P+ 1812 (t + b+ t3) W2 273 W3 81> =0  with t; >0, 1)

where u denotes the shear modulus of the material in its undeformed state, and ¥ = ¥Y(t,—t;,t3—t;) that satisfies0 < ¥ < 1
and is solution of a first-order nonlinear partial differential equation (pde). Section 4 describes the FE calculations. The
analytical and numerical onset-of-cavitation surfaces constructed in Sections 3 and 4 are plotted, discussed, and compared
with earlier results in Section 5. Finally, we show in Section 6 that the closed-form criterion

8tityts—12u(t 6+t t3+ b5 t3)+ 1812 () + 6 +£3)—35> =0 with ;>0 )

is a remarkably accurate approximation of the exact criterion (1), which in fact can be utilized in lieu of (1) for all practical
purposes.

2. Cavitation criterion: the case of isotropically distributed vacuous defects

In Part I, guided by experimental evidence (Gent, 1991), we considered the phenomenon of cavitation in elastomeric
solids as the sudden growth of defects present in a nonlinear elastic material in response to sufficiently large applied
external loads. In particular, we considered that the pre-existing defects at which cavitation can initiate are nonlinear
elastic cavities of zero volume, but of arbitrary shape otherwise, that are randomly distributed throughout the solid. This
point of view led to formulating the problem of cavitation as the homogenization problem of nonlinear elastic materials
containing zero-volume cavities, which in turn led to the construction of a fairly general — yet computationally tractable
— cavitation criterion. For the case of interest here, when the underlying defects are isotropically distributed and vacuous,
the criterion can be written as follows:

The onset of cavitation in a nonlinear elastic material with stored-energy function W(F) occurs at critical values F, of
the deformation gradient tensor F such that

Fo € 0Z[f.(F)] and 0 <IIS,(Fe)ll < + o0, 3)

! The Neo-Hookean model has the further merit that it is derivable from statistical mechanics (Treloar, 1943).
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where 6Z[f, (F)] denotes the boundary of the zero set of f, (F) and IIS, (F¢)Il indicates the Euclidean norm of S, (F.) with

. . ©OE
fiF)= foli[&f (Ffo) and S,(F)= fullla ﬁ(l:,fo)- 4
Here, the scalar functions E(F, fy) and f(F, fo) are defined by the initial-value problems
oE " 1 OE
fo % —E—rg(aé%(/ltI - {w ‘oF EWEF+o® f)} dé=0, EF,1)=0 5)
and
of f T 1 / of
——f—= w-F dé—— w- —£dé=0, F1)=1, 6
fospy S~z [, @ FEde g [ o fpEde=0. fED ®)

where o in (6) denotes the maximizing vector w in (5). The corresponding first Piola-Kirchhoff and Cauchy critical
stresses at cavitation are given respectively by
1

S =S.(Fy) and T = detF
cr

ScFy,. @)

The function E defined by (5) represents physically the total elastic energy (per unit undeformed volume)
characterizing the homogenized constitutive response of a nonlinear elastic material with stored-energy function W
containing a certain isotropic distribution of disconnected vacuous cavities of initial volume fraction fy. The function f
defined by (6), on the other hand, characterizes the evolution of the volume fraction of the cavities along finite-
deformation loading paths. The asymptotic behavior (4) of these functions (in the limit as fo -0+ when the underlying
cavities become point defects) are the quantities that serve to identify the critical deformations (3) and critical stresses (7)
at which cavitation occurs. For a detailed description of the derivation and of the various quantities involved in the above
criterion, we refer to Section 4 of Part I.

From a computational point of view, it is important to remark that the first-order pdes (5); and (6); correspond to
Hamilton-Jacobi equations, where the initial volume fraction of cavities f, and the deformation gradient F play the roles of
“time” and “space” variables, respectively (Polyanin et al., 2002). Because of the ubiquitousness of Hamilton-Jacobi
equations in physics, a large number of techniques for solving this class of pdes have been developed over the years (see,
e.g., Benton, 1977; Polyanin et al., 2002). Hence, in spite of its generality, the criterion (3)-(7) is computationally tractable
and thus expected to be useful for generating explicit results.

2.1. Incompressible isotropic solids

When the nonlinear elastic material of interest satisfies internal constraints and/or exhibits some type of material
symmetry, the cavitation criterion (3)-(7) can be simplified significantly. Because of its physical relevance for actual
elastomers, and for later use in the application to Neo-Hookean materials, we spell out next the specialization of the above
criterion to incompressible isotropic solids with stored-energy function?

d)(j.],),z,)g) if detF= /11 /12)@ =1,
+o00 otherwise,

W(F) = { (8)
where ¢ is a symmetric function of the eigenvalues (or principal stretches) 1;,42,43 of (F'F)'/2.

As discussed in Section 4.1 of Part I, the kinematical constraint of incompressibility in (8) implies that the maximizing
vector w in (5) must satisfy the constraint

—Tge 1—detF
@ F 8= —qetF ©
and that the current volume fraction of cavities f defined by (6) simplifies to the explicit form
_ det F-1 fo
FEfo)= detF | detF 19

Moreover, as discussed in Section 4.2 of Part I, the overall® isotropy of this problem implies that the corresponding total
elastic energy E defined by (5) only depends on F through the principal stretches, so that — with a slight abuse of notation
— we can write

E(F.fo) = E(A1,42,43,f0). an

2 Subsequently, the unbounded branch of the stored-energy function for non-isochoric deformations will be omitted for notational simplicity.
3 The material behavior (8) is constitutively isotropic and the distribution of the vacuous cavities is geometrically isotropic.
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A second implication of overall isotropy is that it suffices to restrict attention, without loss of generality, to pure stretch
deformation gradients of the diagonal form

Fy = diag(41,42,43). o

Making direct use of relations (8)-(12) in the general expressions (3)-(7) allows to state the cavitation criterion in the
following more explicit form:

The onset of cavitation in an incompressible isotropic nonlinear elastic material with stored-energy function
(A1,72,43) occurs at critical values A{,25,.5 of the principal stretches 4;,12,43 such that
1242443

3
/252§ =1 and 0< Zsﬁ(ﬂf,x;f,ng)< + 00, (13)
i=1
where
s»(iii)-limﬁ(liif) i=1,23 (14)
i (142, 43)= QM 27 (41,42, 43J0). 1= 1,23,
Here, the function E(Aq,42,43,fp) is defined by the initial-value problem
OE 1 [~ 6E
— —E—max — — Eiwi— B, dé=0, E(l,42,43,1)=0, 15
hor w@/é_l%{il%f, (1. Bs) | dE =0, EG1.72,75,1) (15)

where the maximizing vector w must satisfy the constraint (in component form)
722381018+ 4341 E202(8) + A1 A2E303(E) + A 2223—1=0 (16)

and where B, 8, B; denote the eigenvalues of [F+ o ® &) (F+ ® &)]'/? with F; = diag(/1,42,43). The corresponding
critical principal Cauchy stresses t{, t5, t§ at cavitation are given by

t"=A"s; (A7,25,25), i=1,2,3 a7
with no summation implied.

Note that condition (13) states quite simply that cavitation takes place at isochoric deformations (det F=A;1,43=1)
associated with non-zero bounded stresses, irrespectively of the type of incompressible stored-energy function ¢ being
considered. By contrast, the critical stresses (17) at which cavitation occurs will depend critically on the specific choice of
stored-energy function ¢, as determined ultimately by the asymptotic solution to the initial-value problem (15) in the limit as
fo—0+.In this regard, we also note that the Hamilton—Jacobi equation (15); depends only on three “space” variables (namely,
A1,22,43), and therefore it is substantially easier to solve than the general Hamilton-Jacobi equation (5); with nine “space”
variables Fj; (ij=1.2,3).

3. Application to Neo-Hookean materials

In the sequel, we employ the general formulation (13)-(17) for incompressible isotropic solids to work out a cavitation
criterion for Neo-Hookean materials, with stored-energy function

$arl2iia) = UL+ A5 +15-3), (18)

under 3D loadings with arbitrary triaxiality; in expression (18), the positive material parameter y denotes the shear
modulus of the solid in its undeformed state. We begin (Section 3.1) by computing the asymptotic solution for the relevant
total elastic energy E in the limit as fo — 0+, and then (Section 3.2) utilize this solution to write out the resulting cavitation
criterion.

3.1. The total elastic energy E in the limit as fo—0-+

Within the context of the initial-value problem (15) — because the Neo-Hookean stored-energy function (18) depends
on the principal stretches 11,42,43 only through the sum of their squares )L% +/1§ +/1§ — it proves convenient not to work
with the principal stretches directly, but to work instead with the following combinations of stretches:

A A ,
A]=i, A2=i, _]:/L‘l/bz)\a. (19)

Thus, by making use of (19), defining E(A1,42,].fo) =E(%1,22,43.f5), and carrying out the corresponding calculations, the
initial-value problem (15) in this case reduces simply to the Hamilton-Jacobi equation

E E 1 oE 1
—G1(Aq,A) — + —
]gl( 1 2)6/11+]

oE - ok
fozr —E+(=1) 57 +Hdo(A1,42))+
o J

oE
7 gz(/ll,/lz)a—/12
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P N N
1 oE ©OE 1 oE 1 oE
+Wg3(A]’A2)%%+Wg4(A]'AZ) <6/11> +WQS(A1,A2) <6/12> =0 (20)
subject to the initial condition
E(A1,43,],1)=0. 1)

The coefficients Gy, G1, G2, G3, G4, Gs above are functions of their arguments given in explicit form by expressions (54) in
Appendix A, where the key steps of the derivation of Eqs. (20) and (21) are also included. In passing it is interesting to note
that the derivative 6E /8], which serves to measure the homogenized response of the Neo-Hookean material with cavities to
a change in volume, appears linearly in the pde (20). Thus, in spite of the fact that J is intrinsically a “space” variable, it can
also be considered as a “time” variable in the Hamilton-Jacobi equation (20), a feature that may be exploited to simplify
the construction of solutions for E.

Having established Egs. (20) and (21) for E for arbitrary values f, € [0,1], our next objective is to compute their
asymptotic solution in the limit as fo—0+. To avoid loss of continuity, the pertinent derivations are given in Appendix B
and here we merely record that the initial-value problem (20)-(21) admits the asymptotic solution

E(Ay,A2).fo) = Eo(A1,42.))+0(f, ) 22)
with

. u A2+ 1A2+1 3u(g-1)

Eo(/l],/lz,j) = j JZ/3 W 3|+ 7 11/3 @(/11,/12) (23)

in the limit as fo — 0+. In this last expression, the function @ is determined by the first-order nonlinear pde (75) subject to
the initial condition (76). Unfortunately, this initial-value problem does not admit a closed-form solution, but it can,
however, readily be solved numerically. Fig. 1(a) shows plots of such a solution over a large range of deformations
(0< A7 <10and 0 < A, <10). A few properties worth remarking about the function @, which are easily recognizable from
Fig. 1(a), are that it is bounded from above by 1 and from below by 0:

0< ¢(/11,A2) <1 V A1,4,>0, (24)

that its global maximum, which happens to also correspond to its only local maximum, is attained at A; = A4, =1:
max{®(Aq,43)} = P(1,1)=1, (25)
Ay, 43

and that it tends to zero, albeit slowly, as the deformation becomes infinitely large:
®(Aq1,42)>0 as A1 —>0,+00 and/or A; —0,+co. (26)

The proof of relations (24)-(26) together with relevant comments on the numerical computation of ¢ are given in
Appendix C.

At this stage, it is a simple matter to rewrite the asymptotic solution (22) directly in terms of the principal stretches
A1,22,43, as ultimately required in the onset-of-cavitation conditions (14), (13), and (17). Indeed, by making use of the
definition E(Aq,A2.].fo) =E(J1,%2,23,fo) and relations (19), we readily have that the asymptotic solution in the limit as
fo— 0+ to the initial-value problem (15) for E when specialized to Neo-Hookean materials (18) is given by

E(A1,22,23,f0) = Eo(A1,42,43)+ O(fol/a) (27)

Fig. 1. (a) Plot of the solution to the initial-value problem (75)-(76) for the function &(A;,4,), for a large range of deformations A; and A,. Note that
@(1,1) =1, that &(A;,4,) decreases monotonically as A; and A4, deviate from 1 in any radial path, and that 0 < &(A4,45) < 1. (b) Plot of the function
Y(a,p) defined by (32), for a large range of values of its arguments o and f. Similar to the behavior of &, note that ¥(0,0) = 1, that ¥(«,5) decreases
monotonically as o and /3 deviate from 0 in any radial path, and that 0 < ¥(o,5) < 1.



0. Lopez-Pamies et al. / ]. Mech. Phys. Solids 59 (2011) 1488-1505 1493

with

3u(AA243—1 M2
Eo(A1,2,73) = g(;ﬁ +22402-3)+ #ch(ﬁﬁ) (28)
where it is re-emphasized that the function @ is defined by the pde (75) with initial condition (76), satisfies properties
(24)-(26), and is plotted in Fig. 1(a).

Some remarks regarding the result (27) are now in order. For isochoric loadings when A;4,/3 =1, the leading order
term (28) of the total elastic energy (27) reduces identically to the energy (18) of a Neo-Hookean material. For
non-isochoric loadings when 4;4;43+#1, on the other hand, the energy (28) differs drastically from (18), especially in
that it is compressible (i.e., Eo remains finite for loadings with 44,43 #1, as opposed to the Neo-Hookean energy which
becomes unbounded). Hence, according to the solution (27), the presence of zero-volume defects does not affect the
mechanical response of Neo-Hookean materials under volume-preserving loading conditions, but it does drastically affect
it for any other type of loading. This is consistent with the fact that — because of the incompressibility of the Neo-Hookean
material — pre-existing defects of zero initial volume remain of zero volume under any loading with A;4,43 =1, but they
grow to finite volume under loadings with 1;1,43 > 1, thus resulting in a homogenized response that is compressible. In
other words, the homogenized response of a Neo-Hookean material that contains a random isotropic distribution of zero-
volume vacuous defects — as characterized by (28) — is identical to the response of a Neo-Hookean material without
defects for loadings for which the defects remain of zero volume. By contrast, for loadings for which the defects grow to
finite sizes — that is, at and beyond cavitation — the homogenized response of a Neo-Hookean material with defects
becomes radically different from that of a defect-free Neo-Hookean material.

3.2. Cavitation criterion

We are now in a position to make use of the asymptotic result (27) in expressions (14), (13), and (17) to finally
determine a cavitation criterion for Neo-Hookean materials under 3D loading conditions with arbitrary triaxiality. Thus,
after substituting (27) in (14), it is straightforward to deduce that cavitation occurs in Neo-Hookean materials at critical
values 47,245,245 of the principal stretches 41,43,43 such that

212528 =1, (29)
and at critical values t{, t5, t§ of the principal Cauchy stresses ty, t,, t3 given by
OF, 3u (2] A .
(=2 a—ﬁ(}ﬁ’,ﬂé’,;é’) = Ui+ 5 (i i . =123 30)

with no summation implied. Condition (29) states that cavitation occurs at isochoric deformations. This is necessarily the case for
any incompressible material (not just Neo-Hookean) that does cavitate, as already noted in the broader context of Section 2. The
more insightful conditions (30) reveal that cavitation can only occur when all three principal stresses are tensile, since p > 0,
A" >0, and @ >0 so that t7 >0 (i=1,2,3). More specifically, conditions (30) correspond to the parametric equations (with
parameters A] >0, 25 > 0, 1§ > 0 satisfying the constraint ] 15 A5 = 1) of a surface, S say, in the first octant of the (t;, &, t3)-
space. We shall refer to such a surface as onset-of-cavitation surface. It is possible to eliminate the parameters A{, /5, and A5 from
(30) to obtain an expression for S solely in terms of the stresses. The result reads as follows:

S(t1,b2,83) = 8ty tyt3—12U(t1 by + byt + o b3) P (G — b, (3 — 1) + 1812 (L + b + £3) PP (G — b1, E3—£7)
27183 (ty—ty,t5—t1)—8u3 =0, (31

where, to ease notation, the superscript “cr” has been dropped and

= 3
P(0,f)=® (VE(OC.B). “(""ﬁ)“>, (32)

Ep)-17w3

where
- (B—oo? Clp) o 1/3
Z,p)=1 + ——[A(a,f5) + B(e, 33
(. B) + 3,3 + (VAP + B p) 'u[v (o, B) + B, B)] (33)
with

1
A@.B) = 1ag.5 =0 B 0= -2 (=2B) 2= p)a+ f)+ 2THC),

1
546

B(,B) = (203 (a—B)? —9p> (20 — 3ot + ) + 2715,

1
Clup) = — g5 U = =31 =)} (34)
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The root (positive “+” or negative “—") that must be selected in expression (33) is the one that renders Z(«,5) > 1 if <0 and
E(o,f) <1 if &> 0. It is also emphasized that only the root with t; > 0 (i=1,2,3) must be selected in (31), as dictated by the
parametric expressions (30). Note further that the function ¥ is nothing more than a composite function of @ (see Appendix C). It
then follows from the properties (24)-(26) of @ that ¥ is bounded from above by 1 and from below by 0:

0<¥P,p<1 Va,felR, 35)
that its global maximum corresponds to its only local maximum and is attained at o« = f§ = 0:
m%x{ll’(oc,[f)} =%(0,0)=1, (36)
o,

and that it slowly tends to zero as its arguments become infinitely large:
Y(o,f)—»0 as o— + oo and/or f— + oco. (37)

For completeness, Fig. 1(b) shows a plot of ¥ over a large range of values of its arguments (—10 <o <10 and —10 < § < 10).
To better reveal the role of load triaxiality in the onset of cavitation in Neo-Hookean materials, it proves convenient for
later use to rewrite expression (31) in terms of the following alternative stress quantities:

O'mﬁ%(f1+t2+t3), T1=l—t1, Tr=t3—1t;. (38)

Here, the mean stress o, provides a measure of the hydrostatic loading in a given state of stress, while 7; and 7, provide a
measure of the shear loading. Larger values of |t1| and |7;| correspond to lower load triaxiality and represent a greater departure
from a state of pure hydrostatic stress. Thus, in the space of stress measures (38), the onset-of-cavitation surface (31) takes the
form

S(0m,T1,72) = 8(30m—T1—T12)30m + 271 —12)(30m + 272 —T1)— 72913 V3 (11,72) + 1458 12 61 P2 (11,732)
—108(902, 12 —73 +7112) W (11,72)-21613 = 0, (39)
where, according to (30), we note that only the root with ¢, > 1/3(11 +13), 0m > 1/3(11—212), and o, > 1/3(t2—27;) must be
selected in this expression. There are two limiting cases worth spelling out from the onset-of-cavitation surface (39). The first one

corresponds to the case of axisymmetric loading conditions when two of the principal stresses are the same, tz3=t;, say so that
T, = 71. In this case, (39) collapses to an onset-of-cavitation curve C(o,,71) given by

24/3172+<4r3+54 3,6, /81 1280)
u 1 1 W+ et lau T1)
lP(‘lf] ,T2)— =0. (40)

3
ComT1) =S(OmT1,T1) = Om— - 7
6(2r§ +27u3+3,/816 +12u3r§)

For the case when all three principal stresses are the same, so that the shear stresses t7; = 7, = 0, expression (39) reduces further
to an onset-of-cavitation point P(gy,) that reads as

P(om) =8(0m,0,0) = omeTu =0 41

and provides the value of the critical Cauchy pressure at which cavitation occurs under pure hydrostatic loading. Note that (41)
agrees identically with the classical result of Gent and Lindley (cf. Gent and Lindley, 1959, Eq. (3)) and of Ball (¢f. Ball, 1982,
Eq. (5.66)) for the radially symmetric cavitation of a Neo-Hookean material, as expected from the general connections established
in Section 5 of Part 1.

Plots and a detailed discussion of the above onset-of-cavitation surfaces — including comparisons with the finite-element
results to be derived in the next section, as well as with earlier results available from the literature — are deferred to Section 5.

4. Finite-element simulations for the onset of cavitation in Neo-Hookean materials under multi-axial loading

In order to compare the above theoretical results with a separate solution, a 3D finite-element (FE) model is utilized
(Nakamura and Lopez-Pamies, submitted for publication). Here the critical loads at which a single spherical cavity of
infinitesimal size, embedded in a block of Neo-Hookean material subjected to general loading conditions, suddenly grows
to finite size are computed. The comparison between these onset-of-cavitation results for an isolated spherical defect with
the results of the preceding section for an isotropic distribution of defects will shed some light on the importance of
interactions among defects in the occurrence of cavitation in elastomeric solids.

4.1. The FE model

Without loss of generality, we consider the case in which the cavity is located at the center of an initially cubic Neo-Hookean
block. The pre-existing cavity is set to have an initial volume fraction* of fy = /6 x 107° ~ 0.5 x 10~°, corresponding to a cavity

4 A parametric study of the problem with decreasing values of initial volume fraction of cavity in the range 10~® < f; < 10~ '? indicates that fy = 71/6 x
107° is sufficiently small to be representative of an actual infinitesimal cavity with fy —0+, thus supporting this choice.
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Fig. 2. Finite-element model — in the undeformed configuration — of a small vacuous spherical cavity located at the center of a cubic block. The outer
boundary of the cube is subjected to affine stretches 1,413,453 aligned with the three principal axes of the cube.

of radius 1 in a cube of side 2000. The symmetry of the problem allows to perform the calculations in just one octant of the cube.
A mesh generator code is used to construct the 3D geometry as shown in Fig. 2. Here the mesh is designed so that the small
elements are placed near the cavity at uniform angular intervals of 2.25°, while the radial element sizes are gradually increased
toward the outer boundary. In all, the mesh consists of 64,800 8-node brick elements (with 1200 elements in each radial plane
and 54 layers in the radial direction®). The computations are carried using the FE code ABAQUS with hybrid® 8-node linear
elements (C3D8H) due to the full incompressibility of the material; it is appropriate to remark that higher order elements (e.g.,
quadratic 20-node elements) are not suitable for the present problem because of the extremely large deformations involved. The
inner boundary of the cavity is set to be stress free, while the outer boundary of the cube is subjected to affine stretches 11,4;,43
aligned with the three principal axes of the cube (see Fig. 2). Consistent with the notation of the previous section, the affine
principal Cauchy stresses resulting on the outer boundary of the cube are similarly denoted by t;,t,,t5.

4.2. Computation of the onset-of-cavitation surface

Because the size of the cavity in the FE model is necessarily finite, its sudden growth signaling cavitation does not occur
abruptly at a single load, but instead it occurs over a small range of loads. This behavior is illustrated in Fig. 3(a) for the
case of hydrostatic loading (41 =1, =43 > 1), where the normalized volume fraction of cavity f/fy is plotted versus
the mean (hydrostatic) stress’ ¢, on the outer boundary of the cube. The figure clearly shows that the volume fraction of
the cavity f remains unchanged in the order of fy = /6 x 10~° until the far-field hydrostatic stress approaches the value of
2.5, just before which the cavity begins to grow very rapidly but smoothly. For definiteness, in this work we shall consider
that whenever the volume fraction of cavity in the FE model increases five orders of magnitude, reaching the critical value

fcr=105><fo=g><10’4, (42)

cavitation ensues. In this regard, it should be noted that using different criteria — such as a four-orders-of-magnitude
increase fo = 10% x fo or a six-orders-of-magnitude increase f. = 10% x fo — leads to somewhat different values for the
critical loads at which cavitation occurs, yet the qualitative character of the results remains unaltered. As a reference, we
also note that the criterion (42) leads to a critical pressure of o, =2.46u for the onset of cavitation in a Neo-Hookean
material under hydrostatic loading, in comparison to the classical result of o, =2.5u based on the solution for fop >0+.

Having set the cavitation criterion (42) for the FE model, we now turn to the computation of the critical loads at which
cavitation occurs. Here, we utilize the incompressibility of the Neo-Hookean material effectively to determine these loads.
Since the volume fraction of the cavity is related to the applied stretches via the kinematical expression
J17243 = (1—fo)/(1—f), it can be deduced from (42) that cavitation occurs in the FE model at critical values A{,25,15 of
the applied stretches 11,45,43 such that

1f 1—% % 107°
KIS =l 1 = 5 ~~1.0000523621. (43)
o 1-E %107

5 This discretization was selected after various mesh refinements were tried to assess the accuracy.
6 These elements treat both the displacement field and the hydrostatic component of the stress as interpolated basic variables.
7 Throughout this paper, all stress quantities shown in plots are normalized by the shear modulus x of the Neo-Hookean material.
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Fig. 3. (a) Increase in the volume fraction f of cavity in the FE model, as a function of the far-field mean (hydrostatic) stress a,,, for the case of hydrostatic
loading with 1; = 2, = 43 > 1. (b) FE solutions for the hydrostatic stress ., versus the shear stresses t; and 7, that result on the outer boundary of the
cube by marching along the two-step loading process (44)-(45) for three values of the parameter m. The stresses associated with Step II correspond to
the critical stresses at which cavitation ensues.

The critical values t{', t5, t§ of the corresponding principal Cauchy stresses ty, t, t3 on the outer boundary of the cube can
then be found by marching along (starting at A; = A, = A3 = 1) volume-increasing loading paths in (41,42,43)-space until
the product 114,43 reaches the value (43). An alternative, more efficient strategy is to first subject the cube to hydrostatic
loading until condition (43) is reached, and then vary the ratios of the stretches 4;/4, and 1,/23 while keeping their
product fixed at the cavitated state A;4,43 =] in such a way that the critical stresses t{, t§, t§" are computed continuously
along the loading path. A convenient parameterization of this two-step loading process is as follows:

Stepl: Ay=ip=As=1 for1<i<Jl/? (44)
and
Stepll: =4, Jo=i", J3=Joi" 1™ for i>J}3, (45)

where 4 is a monotonically increasing load parameter that takes the value of 1 in the undeformed configuration and m € R,
but because of symmetry it actually suffices to restrict attention to m € [-0.5,1]. Fig. 3(b) shows FE solutions for the
principal Cauchy stresses tj, tp, t3 on the outer boundary of the cube that result by marching along the above two-step
loading process for the cases of m= —0.5,0, and 1; for each m in Step II, the computation is restarted from the hydrostatic
loading results of Step 1. For consistency with the next section, the results are plotted in terms of the hydrostatic stress
om=1/3(t; +t;+t3) as a function of the shear stresses t; =t;—t; and 7, = t3—t;. Note that the stresses associated with
Step II of the loading process correspond precisely to the critical stresses at which cavitation ensues. The entire onset-of-
cavitation surface can then be constructed by simply carrying out more calculations for various values of m € [-0.5,1].

5. Onset-of-cavitation surfaces and discussion

We present here results of the onset-of-cavitation surfaces worked out in Sections 3 and 4, as well as of some earlier
results available in the literature. In the first set of plots, we focus on the case of axisymmetric loading conditions. As it will
become apparent below, this special case serves to illustrate in a “two-dimensional” setting all the main effects that load
triaxiality — namely, the departure from pure hydrostatic loading — has on the onset of cavitation in Neo-Hookean
materials. The second set of plots pertains to the entire onset-of-cavitation surfaces for general loading conditions.

5.1. Axisymmetric loading

Fig. 4 shows plots for the hydrostatic stress o, and shear stress 7, at which cavitation ensues in Neo-Hookean materials
under axisymmetric loading conditions with 7, =7; (recall the definition (38)). The solid line corresponds to the
theoretical result (40) derived in Section 3, while the solid circles denote the FE results generated in Section 4. The figure
also includes the variational approximation (dashed line) of Hou and Abeyaratne (1992) and the earlier numerical results
(triangles) of Chang et al. (1993) based on an allegedly equivalent® 2D axisymmetric FE model.

A key observation from Fig. 4 is that cavitation occurs only at states of axisymmetric stress for which the hydrostatic
part o, is tensile, in accordance with experiments. For all four results, the critical value of ¢, is lowest for purely
hydrostatic loading when t; =0, and increases significantly and monotonically as the shear stress t; deviates from

8 Chang et al. (1993) examined the problem of a pressurized cavity in a cylindrical block under uniaxial tension and considered it as equivalent to the
problem of a vacuous cavity in a cylindrical block under multi-axial tension.
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Fig. 4. Onset-of-cavitation curves for Neo-Hookean materials under axisymmetric loading with 7, =7y in the space of (om,7;)-stress. The solid line
corresponds to the theoretical result (40), the solid circles correspond to the FE results generated in Section 4, the dashed line indicates the variational
approximation of Hou and Abeyaratne (1992), and the triangles denote the earlier FE results of Chang et al. (1993).

zero—that is, as the load triaxiality decreases. Note in particular that the critical oy, increases faster for loadings with
71 > 0, which correspond to the case when the two principal Cauchy stresses that are equal (t; and t3 in this case) are
greater than the other principal Cauchy stress (t; in this case).

Another key observation from Fig. 4 is that the FE cavitation results generated in Section 4 are in fairly good agreement
with the theoretical onset-of-cavitation curve (40). This is a remarkable connection given that the FE results are based on
the growth of a single spherical cavity, while the theoretical result (40) is based on the growth of an isotropic distribution of
cavities. This agreement thus suggests that the interaction among cavities may not play an important role in the onset of
cavitation in elastomeric solids. Further evidence supporting this possibility has been provided by the recent work of Xu
and Henao (in press), who have shown — in the context of a class of 2D compressible isotropic elastic solids — that the
critical load at which cavitation ensues based on the growth of an isolated defect is essentially the same as that based on
the growth of two neighboring defects. This issue is worth of further study in more general material systems.

Finally, we remark from Fig. 4 that the variational approximation of Hou and Abeyaratne (1992) has the same
qualitative behavior as the theoretical result (40). Quantitatively, it agrees with (40) for purely hydrostatic loading (7, =0),
but predicts much larger critical stresses for the onset of cavitation as the shear stress t; deviates from 0. This behavior is
consistent with the fact that their approximation was constructed by making use of a kinematically admissible trial field in
certain energy minimization problem, thus leading to overpredictions for the actual critical stresses at cavitation.® We also
remark that the FE results of Chang et al. (1993) are in agreement with our FE results — and therefore with the theoretical
result (40) — except for loadings with large positive shear stress 7. It should be noted, however, that the equivalency
between the two FE approaches remains to be verified.

5.2. General loading

Fig. 5(a) displays the onset-of-cavitation surface (39) for Neo-Hookean materials under 3D loading conditions with
arbitrary triaxiality. The surface is plotted in terms of the hydrostatic stress g, as a function of the shear stresses 7; and 1,
at which cavitation ensues. The overall features of the surface are seen to be identical to those of the onset-of-cavitation
curve shown in Fig. 4 for the case of axisymmetric loading. Namely, cavitation occurs only at states of stress for which the
hydrostatic part o, is tensile. Moreover, the critical value of g, is lowest for purely hydrostatic loading when 7, =7, =0,
and increases significantly and monotonically as the shear stresses 7, and 7, deviate from zero in any radial path—that is,
as the load triaxiality decreases. Making use of an approximate linear-comparison technique in the corresponding
two-dimensional problem, Lopez-Pamies (2009) found this same trend of increasing o, with decreasing load triaxiality for
compressible Neo-Hookean materials. However, he also found that other classes of compressible materials exhibit the exact
opposite trend (see Section 5.2, Lopez-Pamies, 2009). The question arises then as to whether the “exact” theory proposed
in Part I confirms such trends. This issue, which can have strong practical implications, will be investigated in future work.

Fig. 5(b) compares the theoretical surface (39) with the onset-of-cavitation surface generated from the FE results of
Section 4; for clarity of presentation, only results in the quadrant of negative shear stresses 7, and 7, are included in the

9 Specifically, their result constitutes a rigorous upper bound for the critical far-field stresses at which a single vacuous spherical cavity embedded in
an infinite Neo-Hookean medium suddenly grows unbounded.
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Fig. 5. (a) 3D plot of the theoretical onset-of-cavitation surface (39) for Neo-Hookean materials in the space of (¢,71,72)-stress. (b) Comparison of (39)
with the onset-of-cavitation surface generated from the FE results of Section 4.
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figure. The FE surface is seen to be identical in form to the theoretical surface. The quantitative agreement is also
remarkably good—in spite of the fact, again, that the FE results are based on the growth of a single spherical cavity, while
the theoretical result (40) is based on the growth of an isotropic distribution of cavities. Much like in the case of
axisymmetric loading shown in Fig. 4 (which corresponds to the line 7, = 71 in this plot) the FE results are seen to predict
similar, but progressively higher hydrostatic stresses as the load triaxiality decreases (i.e., as 71 and 1, deviate from zero),
for the onset of cavitation in Neo-Hookean materials.

In summary, the above results indicate that Neo-Hookean solids significantly improve their stability — in the sense that
cavitation takes place at larger mean (hydrostatic) stresses — with decreasing load triaxiality. This has strong practical
implications. For instance, in the contexts of filled elastomers (Gent and Park, 1984; Cho et al., 1987; Moraleda et al., 2009;
Michel et al., 2010) and structures bonded by soft adhesives (Creton and Hooker, 2001), the regions surrounding the
inherent soft/stiff interfaces are known to develop high stress triaxialities and therefore are prone to cavitation. Yet the
stress states in these regions are not purely hydrostatic but do involve sizable shear stresses. Predictions based upon
radially symmetric cavitation ignoring the effect of shear stresses in these material systems may then result in substantial
errors, and may even lead to incorrect conclusions. In the context of rubber-toughened polymers (Cheng et al., 1995;
Steenbrink and Van der Giessen, 1999), the underlying rubber particles also develop states of high — but not purely —
hydrostatic stress. Ignoring the effect of shear stresses on the onset of cavitation in this case may also lead to incorrect
conclusions.

6. An approximate closed-form cavitation criterion for Neo-Hookean materials

The cavitation criterion (31) requires knowledge of the function ¥ defined by (32), which ultimately amounts to solving
numerically the pde (75) subject to the initial condition (76). In this section, we propose an approximate criterion which is
closed form and very close to the exact criterion (31).

The approximation is based on the observation that the function ¥ takes the value 1 for purely hydrostatic loading and
decays slowly to zero with decreasing load triaxiality, as described by the properties (35)-(37) and illustrated graphically
in Fig. 1(b). Thus, we can generate an approximate criterion that agrees exactly with the exact criterion (31) at the
hydrostatic point by simply taking the function ¥ equal to 1 in (31). The result is given by

Sp(ty,t2,t3) = 8ty t2t3—12,u(t1 ty+tit3+trt3)+ 18,&2(& +t +t3)—35,u3 =0, (46)

where only the root with t; >0 (i=1,2,3) ought to be selected. In the space of stress measures (38), this approximate
criterion takes the form

Sp(0m,T1,72) =830 m—T1—12)(30m +271 —72)(30m +272—71)—108u(962, —12 —13 + 71 72) + 14581261 —945% = 0,

(47)
where only the root with o, >3u/2+1/3(t1 +12), om >3u/2+1/3(t1-213), and o, >3u/2+1/3(1,—211) ought to be
selected. It is easy to verify that these surfaces contain the hydrostatic point (41).

Fig. 6 provides comparisons between the exact surface (39) — shown in solid lines — and its closed-form

approximation (47) — shown in dotted lines — in the space of (g1;,71,72)-stress. Part (a) shows plots for axisymmetric
loading with 7, =74, in which case the approximate surface (47) reduces to the curve

2/3
31 24/3T%+<41§+54,u3+6 81u6+12,u3r?>
SB(Gm.T1,T1)=0m*7* 1/3 =0 @9
6(203+2748+3, /8145 + 12457}
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Fig. 6. Comparisons between the exact onset-of-cavitation surface (39) and its closed-form approximation (47). Part (a) shows results for the
hydrostatic stress o, as a function of the shear stress 7; for the special case of axisymmetric loading with 7, = 77, while part (b) shows contour lines of
om as a function of t; and 7, for general loading conditions. In both parts, the solid lines correspond to the exact surface (39) and the dashed lines to its
closed-form approximation (47).

The comparisons show that, indeed, the approximate curve agrees exactly with the exact curve at the hydrostatic point
(t1 =0) and remains remarkably close to the exact curve over a large range of shear stresses 7;. Comparisons for general
loading conditions are provided in part (b). This figure shows contour lines of hydrostatic stress o, in the space of shear
stresses (71,72 ). Once again, the approximate surface is seen to reproduce remarkably accurately the exact surface for the
entire large range of shear stresses 7, and 7, considered.

Fig. 6 also shows that the approximate surface always lies “outside” the exact surface (relative to the origin). In fact, the
approximate surfaces (46) and (47) can be shown to be rigorous outer bounds for the corresponding exact surfaces (31)
and (39). To see this, note that in view of the relations (29), (30), and (38) any stress state lying on the exact surface (39)
can be written parametrically as

2 42 _ 1 2 _ 2,2, 1 9 M, 52
Ty =U(A—A1), T2=H (m —/11> » Om=H (21 +25+ m) + i#‘p (Z'M;Q ) (49)
where the parameters 4; € (0,+o0) and /, € (0, +o0). By the same token, any stress state lying on the approximate surface
Sp can be written in similar form but with @ = ¥ =1, namely,

ey den(g-B). (B4 )+ In (50)
225 275 2
where we have utilized the superscript “B” to avoid notational confusion. Given that the maximum value of @ is 1 (see
Eq. (25)), for any pair of parameters i; and A, we have that 7, =75, 7, =15 and o, <08, and therefore that the
approximate surface Sg bounds from outside the exact surface S. From the definition of the stress measures (38), it then
follows that the approximate surface Sg also bounds from outside the exact surface S in the space of (ty, t», t3)-stress.
The approximate condition (46) provides then an accurate and mathematically simple cavitation criterion — which can

be utilized in lieu of (31) for practical purposes — for Neo-Hookean solids under general loading conditions.
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Appendix A. Derivation of the initial-value problem (20)-(21) for E

This appendix provides the main steps in the derivation of Egs. (20) and (21), which correspond to the specialization of
the initial-value problem (15) to the case of Neo-Hookean materials with stored-energy function (18). We begin by
computing the inversion of relations (19)

A;B ]1 /3 Jl /3

F o] LR P S P,
1 2 /1}/3 A}/3A§/3

(GD
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and recognize, by using the definition E(A;,45,J,fo) =E(}1,%2,43.fo) and the chain rule, that

Ok _ AP oE PP ok
ol APpsoAy A2 AR

OF AP ek AYPARR oE AYPPRBOE

@—*A;w}mm+ 73 an T AP d

OE _7/11/3/15/3 oE A1/3A2/3jz/
03 J13 a4,
With the help of expressions (51) and (52), and in view of the linearity of (18) in the sum of the squares of the principal
stretches /1% +/1§ +/2, it is then straightforward to compute the corresponding maximizing vector w in (15). The solution
reads (in component form) as

s0E 52

w1:_A%”A;%U(A%(A%é%+¢§>+§%>—11 APEMBE128) ok APPAPEURE-E) oF
PR UAE+E)+E APPBUA NG+ )+ 1M BUANNE+ )+ &0
o ALPHIMIAEE+E-DHE] AP EUMAE+2E)  oE | MPAPGHRATAE+E oF
A}/3]2/3[A1 2€3+€2)+C1] A%/BJIB.U[/M 253"‘52)"‘ 1]@/11 11/3.“/1 (Az‘f3+‘f2)+f1] oAy’
w3 = 1-J S1m1 _520)2 53)

AP AZPR3E, S MiAyes ARy

By making direct use of the explicit expressions (53), it is possible to carry out analytically the resulting integrals in (15). In
turn, after some algebraic manipulations, the initial-value problem (15) can be finally rewritten as Eqgs. (20) and (21) in the
main body of the text, where

]2/3[(/1 +DA24+1] APA3P
2 3423457 2J43

Go(A1,42,)) = Ir,

M+A A+ 1D)AS— 2, . A% A2

Gi(41,42) = ,
1(41,42) o1 - h2AET) I'e 4212 F

A3 A, +A1A2[(2A§—1)A§—1]F N A A3
221 oy Aa2Aioy ek
1 1 1442 1472

Ga(Aq,4) = —

AP AYP=(B5AT+3) A4 2(A2 4 1)+ (=245 +4AF + A3 +1)A3]
3(AT-DX(AF-1)(ATA5-1)
A3P AP =2) AZ 4 [ A3(AATAS— A3 (A2 +7)+A2—1)+4]
3(A2-1)2(1—A3)(A2 A3—1)?
2483 AP [—(A2 +1)A2+(A;‘_A%+1)A2+1]F
3(A-1(A-A3)( AT A5-1)

G3(A1,42) =

PN +3)BA2+ 1) A3 —4(A2 1)+ (A8 =547 542 +1)A3]
6(A2—1)2 A3 (A3 -1)(A2A3-1)
A“/3[12/12/14 6(A2 +1) A3 +(A2 +1)(A] - 4A%+1)A§+4]F
3(A2-1)2 A5 (1-Ad) (A2 AZ-1)?
A PAP—(T A2+ 1) A3+ (A 4543 2)A4+4]
B 6(A2—1)(1—A2) (A2 A2 —1)?

Ga(A1,42) =

AP AP AT =34 A5 = A2+ @AS—541 242 + 1) A5-1)
6(A3—1)2(A3-1)( A3 A%3-1)
A5/3A4/3 (445—6A4%+1)A5-324%—44% + 1) A3— 3A§+1)
(A2 =12 (1= A2) (A2 A2 -1)?
AP AP(B-TADAS + (@A A -2 45+ 1) r
6(AT—1D)(1-A3)(A] A3 -1)?

Gs5(A1,42) =

(5%



0. Lopez-Pamies et al. / ]. Mech. Phys. Solids 59 (2011) 1488-1505 1501

In the above coefficients,

2 42
Ja— V1-4; 2454y +\/ 2—1)—13; 4421 A -1
v 1_/12 2\//12_1 431
/12 2 42
. VI 2 1 J A2 1)1y A2 1] (55)
\/1_/12 2\//12_1 A3-1
where the functions £ and &¢ stand for, respectively, the elliptic integrals of first and second kind, as defined by
®» P
Erlp; K= / [1—ksin? 0] 2d0 and Eg[o:kl= / [1—k sin® 07'/2 do. (56)
0 0

Appendix B. Asymptotic solution to (20)-(21) in the limit as fo -0+

In order to solve asymptotically the initial-value problem (20)-(21) for vanishingly small values of fy, first it is
important to recognize that the initial condition (21) is given at fo=1, which corresponds to the opposite end to the
neighborhood around f,=0 in the range of physical volume fraction of cavities fy € [0,1]. Thus, assuming a certain ansatz
for E near fo=0 and then expanding the nonlinear pde (20) near fo=0 — as usually done to solve asymptotic problems — is
expected to generate a nested'® system of equations for the coefficients introduced in the ansatz. Indeed, this structure is
expected to occur because the solution to the initial-value problem (20)-(21) near fo=0 depends, of course, on the initial
condition (21) which is given at fo=1, far away from the neighborhood around f,=0. In practice, this means that the
computation of the asymptotic solution to (20)-(21) near fy=0 may require, in general the computation of the full
solution to (20)-(21) for all fy € [0,1]. Because of the isotropy of the total elastic energy E at hand, however, it is possible to
construct an asymptotic solution to (20)-(21) near fo=0 without having to compute the entire solution for all fo, which is
obviously a much more involved task. As elaborated in this appendix, the idea is to consider successively the cases of
hydrostatic (4, = A, = 1), axisymmetric (A, = 1), and general loading conditions, in such a manner that the appropriate
initial conditions for the resulting pdes can be written in terms of the deformation variables (A4; and A,) instead of in
terms of the initial volume fraction of cavities (fy).

(I) Hydrostatic loading conditions: Thus, we begin by analyzing the special case of hydrostatic loading conditions when

A=Ay =1. (57)
For this type of loading, we note that isotropy dictates that

(1.1Jfo)— (1 1J.fo)=0, (38)
which, after defining E (],fo)iE(l,l,],fo), allows to simplify the problem (20)-(21) to the form
A
23, 1 3)_ £ _
fo af —E+(- 1) aj (2] ]4/3 3>_0, E(J,1)=0. (59)
The initial-value problem (59) admits the following closed-form solution:
~H C3u|2)-1 0 2+fo-2 L3
E ([’fO)_ 7 |:_]1/3 _(]+f 1)1/3f _(1_f0) . (60)
Note that this solution is valid for any fy € [0,1]. When fo —0+, (60) reduces asymptotically to
3u[2)-1
E'gd = -1 -3n0-1221 o 61)

(II) Axisymmetric loading conditions: Next, we consider the case of axisymmetric loading conditions with
Ay =1. (62)

Again, by exploiting isotropy we have the connection

(/11v1Jf0)— 6/1 (/11,1Jf0) (63)

10 That is, the solution for the coefficient of first order depends on the solution for the coefficient of second order, which in turn depends on the
solution for the coefficient of third order, and so on so forth.
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which, after defining EA(AlJ,fo)tE(Ahl,],fo), allows to reduce (20)-(21) to the simpler initial-value problem

o A3 Q+A)A+2P)u 333242 +2)/ A2 134, In[24% + A1,/ A2—-1-1))

o 2 6/12/3]4/3 16p(A2—1)72]2/3
~A ~A
2u(A7-1) oE " B
X(W‘% +-1%; ] =0, E'sn=0. o

As opposed to the problem of hydrostatic loading (59), the problem of axisymmetric loading (64) does not seem to admit a
closed-form solution for all fp € [0,1]. However, a numerical solution can be readily computed. Then, utilizing the full
numerical solution as a guide, the behavior of E (A4,],fo) in the limit as fy >0+ can be assumed to be of the asymptotic
form

E' My fo) = gy D+ EY (A DY +0¢2P). 65)

Substituting this ansatz in the pde (64); and expanding around f,=0 leads to a hierarchical system of pdes for EQ, f:‘?, and
higher-order coefficients. The first equation of this system, of order O(1), reads as

A 3#+(2+A A+2Pu 3432 2(A2 +2)/ A3 -1-34,In[242 + A1,/ A3 -1-1))

~Eo- 2 6A2/3]4/3 16(A2—1)522/3
A
2u(A3-1) ok, 6E0 B
X (3/1?/3]1/3 _m +U-D— =0. (66)
Now, by recognizing that £(1,J.fo) = E"(J.fo), we conclude from (61) that
~A 3u[2]-1
E0(111)27|:]1/3 _]:|v (67)

which can be viewed as the initial condition for the pde (66). The solution to the initial-value problem (66)-(67) can then
be computed to lead to

. 24+ 4% 3u(-1
Bt =4 {12/3( - 20 —3} + 7“(} Do, (68)
1

where the function @ is a solution to the ode

2
_A3+2 27437 3 ) 3 4A2-1)  dot
2/12/3+32(A2 )5/2[2(/1 2 1 2)\/ A2 =1-344In[242 + 2411/ A2 —1-1]] TerT] =0, (69)

subject to the initial condition
(1)=1. (70)

Having solved for EO, the coefficient E1 can th%n be determined from the second equation of the hlAerarchlcal system, of
order O(fo ) subject to the initial condition E; (1)) =—u(—1)*3, as dictated by (61). Given that £}, and the remaining
higher-order coefficients in the ansatz (65), are not needed for our purposes, its computation is omitted here.

(II) General loading conditions: Finally, we consider the case of general loading conditions. In the limit as fo —0+, we
assume the total elastic energy to be of the asymptotic form

E(A1,42.].fo) = Eo(A1, A2 )+ E1 (A1, A2 ))f) > +O(FF>). (71)

Substituting this ansatz in the pde (20) and expanding around fy=0 leads to a hierarchical system of pdes for Eq, E; and
higher-order coefficients. The leading order term of these equations, of order O(1), reads as

oF
91(/11-/12) 0 +

1 ok
“Eg+g- L0 a] P G0l Aad)+ J %) 50
1 oE, oF 1 OE 1 OE
+mg3(/11./12)6/106/10 W%(Al,/lz)( 0> WQS(ALAZ)< 0) =0, (72)

Yvhere itis regalled that the coefficients Gy, G1, G2, G3, Ga, G5 are given explicitly by (54). At this stage, we recognize that
E(A1,1,].f0) =E (A1.J.fo), and hence that

Eo(Ar, 1) = Eg(A1)), (73)

with EQ denoting the leading order term (68) of the asymptotic axisymmetric solution (65) worked out above. Expression
(73) can be considered as the initial condition for the pde (72). The solution to the initial-value problem (72)-(73) can be
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worked out analytically to render

2 2

3ud-1
+2£ D(A1,43), (74)
2/3 44/3
APy

L

where @ is the solution to the following first-order nonlinear pde:

0P od

od oP
7'—(/11,/12)454'7:0(/11'/12)+7:1(/11,/12)% +7:2(/11,/12)m +7'—3(/11‘/12)m%

o\ o\
+7:4(/11,/12)(%> +7:5(/11,/12)<%> =0 (75)

subject to the initial condition
(M, 1) = (). (76)
In the above expressions, the coefficients are given by

FArAy) = =412 A5 (A5- DA A3-1),

FolrA2) = 4472417245 (- 1)(AT A5 -1 T,

Fi(AAz) =124, (=D AP M- 1A A3 1) [~ M AR~ A3 (g Tp) T+ T+ A3 + A =20 Ay + A2 41],
Fo(A1,Az) = 1241(A2 =) AP (N2 =) (A3 A2 =1) [AR(=2T p A% + Tp+ Te(A2 1)+ AD) + Tp— A4,

F3(A1,43) = 6432 Ay[Te A1 (A2 =2) A3+ 1)(ASAATAZ— A2 (N3 +T)+ A3-1)+4)
+ AN Q=T A+ T+ A3+ 7 A1) +3)+ A5 RTE(AT—1) A1 +245-947-1-443)
+ A AS(—2T (A =244 4242 1) =247 +445 + A3 + A1) —2(A% +1)],

Fa(Aq,Az) = 3432020 p(A3 + A0) +ATR(A2 1) A =T(A2 +2) A3 -3) + A}
X (A1(6A3 (T p—4Tg) =TT e AT +Tp+2A5+1543 +841)—1)+ A1 AS(—2Te
X (A2 +1)(AF—4A% + 1)+ TR +443 -7 A% 4 2)+ AT 545543 + A1) +441(A1—2TE) + 4],

Fs(A1,42) =347 MM A3 6T g+ Tp(AT 1)+ 241 (A7 —4)) + 43
X (A1 (BT 2AT—4A3+ 1)+ (T AT 12 A3 (=T + A1) =5 +241)—1)
+ Ay AS(—2TE(AAS =6 A} +1)—Tp(A% —2) +(4A3 =5V AT (T + A1) =243 + A1) = 2T Ay + A2 +1], (77)

and it is recalled that the function @* is defined by the initial-value problem (69)—(70), and that I'r and I'; are defined by
expressions (55).

While the function @, as defined by the initial-value problem (75)-(76), cannot be written in the closed form, it is
relatively simple to compute it numerically. In Appendix C below, we spell out the key steps in the numerical computation
of @ and discuss its properties.

Appendix C. The function @(A; 1)

In this appendix, we discuss the numerical computation of the function @ defined by the initial-value problem
(75)-(76), as well as establish its growth conditions and upper and lower bounds.

The numerical computation of @ requires solving the first-order nonlinear pde (75) subject to the initial condition (76).
In this regard, we note that the initial condition (76) itself requires solving numerically the nonlinear ode (69) subject to
the initial condition (70). Now, because of its quadratic nonlinearity, it is important to realize that Eq. (76) has two
solutions. One of the solutions is always positive, whereas the other solution is unbounded from below and can therefore
be negative, as illustrated by Fig. 7. Given that the total energy (74) of the material must be nonnegative, we discard the
unbounded solution (i.e., the dotted-line curve in Fig. 7) as non-physical, and utilize the positive solution (i.e., the solid-
line curve in Fig. 7) as the initial condition in (76). In a parallel note, we remark that similar care should be exercised in
selecting the appropriate solution when dealing with materials other than Neo-Hookean.

Having identified which is the function @* that must be utilized in (76), we are now in a position to compute
numerically the solution for @. As a result of our choice of ¢*, in spite of its quadratic nonlinearity, the pde (75) subject to
(76) has only one solution for &. Fig. 1(a) shows a plot for that solution in a large range of deformations A; and A,.
An important observation from this plot is that in the undeformed configuration (i.e., when A;=4,=1) &=1,
and that beyond the undeformed configuration (i.e.,, as 4; and A, deviate from 1), ® decreases monotonically along
any radial path.
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Fig. 7. Plots of the two solutions to the initial-value problem (69)-(70) for @4, as functions of the deformation ;. Part (a) shows a blow up of ¢* near
A7 =1, while part (b) shows results for a larger range of deformations 4. Note that for sufficiently large deformations, as A deviates from 1, the dotted-
line solution becomes negative. On the other hand, the solid-line solution is always positive. This is the solution that should be used as the initial
condition in (76).

The numerical result shown in Fig. 1(a) suggests that 0 < ® <1 for all 4; >0 and A, > 0. To see that this is indeed the
case, we begin by remarking that in the limit of infinitesimally small deformations as A; -1 and A, —1, the solution to
(75)-(76) can be computed in closed form to render

17—+/265

P A) =1 ——5—

(A1=17 + (A= 1) + (A1 = 1)(A2= 1)+ 0((A1 = 1)) + O((A;~1)*). (78)

The solution to (75)-(76) can also be computed in closed form in the limit of infinitely large deformations. Indeed, in the
limit as A4; — 0 we have that

—A2/3 /-l_AZ
DAy, Mp) = — 2 &F 2102 A5(Az+ 1/ A3—1)—
1

3y/1-42  |24/43—

, ]/12 A A +0(A 3 (An AP, (79)
42

and from the symmetry &(A;,4,) = &(A;',47") due to isotropy we therefore have that in the limit as A, — + oo,

. 2/3 /1 A—Z
D(A1,42) = In2A7 (AT +4/A72=1)— 1]
3\/ 1-472 2\//1l
Moreover, in the limit of infinitely large deformation as A; — + oo the solution to (75)-(76) reduces to

1
/12/3

A;PInA3 1 +0(A;* 2 (InAz 1), (80)

D(Ag,45) = A7 (AT +0(A; P InATh, (€3]

and making again the use of the symmetry @(A,4;) = <15(/12’1 ,/11’1) we readily deduce from (81) that in the limit as A, —0,

1
D(Aq,43) = 3Af2/3/1§/3(1n/12)2 +0(A3 InAy). (82)
1

At this stage, we recognize from relation (78) that @(1,1)=1 corresponds to a local maximum. On the other hand,
relations (79)-(82) indicate that ¢ -0 as the deformation becomes infinitely large, namely, as A4;—0,+occ and/or
A3 —0,+0c0. We also recognize that, because the ratio of coefficients —F,/F <1 for all 47 >0, A, > 0 in the pde (75), the
value of @ evaluated at any critical point (i.e., any point A7, A, where 6®/64; = 0®/0A, = 0) must be necessarily equal to
or less than 1. Then, because @(1,1) =1 is a local maximum, ¢ -0 as A; —0,+ oo and/or A, -0, + oo, and there is no local
maximum with @ > 1, it follows that

0<®(A1,42)<1 YA;>0,4,>0 (83)
and that
max{®(A;,45)} = d(1,1) =1, (84)
A1, Az

as pointed out in the main body of the text.
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