ON GENERALIZED VARGA MATERIALS

PIETRO CELADA - DOMENICO MUCCI

ABSTRACT. We study the existence and regularity of minimizers of an energy
functional which in the physical 3D dimension corresponds to the so—called
generalized Varga materials and includes an additional term accounting for
surface tension. Due to the linear growth of the strain energy, we relax the
problem in a suitable class of extended graphs of radially symmetric functions
of bounded variations. Besides cavitation at the origin, a new phenomenon due
to the occurrence of a spherical fracture inside the body is observed.

1. INTRODUCTION

In this paper we provide an analytic justification for the occurrence of nucleation of
radially symmetric minimizers of materials subject to a strain energy that in the
physical dimension N = 3 describes the so called generalized Varga materials.

Our analysis shows also that these materials may exhibit a new phenomenon: due
to the linear growth of the volume term, besides nucleation, energy minimizers may
present a fracture at a positive radius.

The general framework we consider deals with the minimization of the energy

(1.1) E(u) = . W(Vu(x)) dz

among (sufficiently smooth) radially symmetric deformation maps u: BY — RN
x
(1.2) u(z) = v(lz]) —

x|’

of the reference configuration B, the open unit ball of RY centered at the origin,
subject to the boundary displacement condition u(z) = Az for |x| =1 with A > 1.
The radially symmetric deformation w given by (1.2) is uniquely determined by
its profile function v: (0,1) — R which is assumed to be strictly increasing and
to satisfy 0 < v(0) < v(1) = X where, here and in the sequel, v(0) = v(0%) and
v(1) = v(17) are the right and left limits at the endpoints of the interval (0, 1).

The existence of radial miminimizers u of E with profile function v such that v(0) > 0
for large enough displacement A corresponds to the occurrence of a spherical fracture
— a cavity — inside the body. This behaviour is actually observed in experiments
with elastomers, see for instance [10], [15] and [16], and the existence of minimizers
u with cavity has been widely studied starting from J. Ball’s seminal paper [3],
see also [23], [20], [22] [17] and more recently [19]. See also [7] for an analysis of
cavitation in the nonconvex setting of the so—called Blatz—Ko elastic materials.

Throughout the paper we assume that the strain energy density is an isotropic
function W: Mf *N 5 R defined on the set Mf *N of matrices with positive deter-
minant such that W(A) — +o00 as det A — 0T or det A — 4o0. Therefore, W can

0< |zl <1,
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be written as a symmetric function of the singular values A, (4) (n=1,...,N) of
A, ie.

W(A) =M (A), - Av(4),  AeMPT,
where @ is a real-valued function invariant under interchange of the entries and
defined on the set of vectors of RY with positive components and, for profile
functions v as above, the corresponding deformations u in (1.2) are differentiable
almost everywhere in BY with gradients Vu(z) given by

Vu(z) = ’U(||;‘|)HN + <v’(|m) - v(||;||)> ﬁfl)zx for a.e. z € BY

(see [3] or [23]) where Iy is the N x N identity matrix and with singular values or
principal stretches of Vu(z) given for a.e. x € BN by
v(lz|)

(1.3) M (Vu(z)) =0 (Jz]) and A\, (Vu(z)) = ER n=2...,N,

so that
W (Vu(z) = 0 (@), v((zl)/lal, - ,o(al)/le])  for ae. z € BY.

In the so called generalized Varga materials that we are going to consider here, the
strain energy density features a special, simple structure for which a closed form of
solutions of the equilibrium equation can be found, at least formally. More precisely,
in view of (1.3), setting in dimension N =3

f:z /\1, n:= /\22/\3 and (I)(f,n) = @(/\1,/\2,)\3),

for the ease of notation, the function ® associated with the strain energy of general-
ized Varga materials is given by

(1.4) (¢, ) = c1(E42n) + c2(2n +n°) +w(én®),  &,n>0,

for suitable coefficients ¢1, co > 0 and some nonnegative, smooth and strictly convex
function w: (0, 400) — R satisfying w(J) — +o00 as J — 07 and as J — +o00. The
recession at infinity of w is defined by

w(J)

(1.5) w™ = lim ——= € (0,4o]

J——+o0o
and the cases 0 < w™ < 400 and w™ = 400 correspond to the commonly named
cases of linear and superlinear growth of the volume term at infinity respectively.
As we shall prove in the sequel (Theorem 1.1), minimizers of E among admissible
radially symmetric deformations exist in the linear case under mild assumptions on
w (see hypotheses (H4) and (H5) below).
In the superlinear case, radially symmetric minimizers of E exist as well and turn
out to be smooth with a profile v satisfying

(”(7’)>2v/(r) —c,  O<r<l

r

i.e. det Vu(x) = ¢ for every x € B3, x # 0. This is consistent with the analysis in
[15] where the existence of smooth, radially symmetric critical points of E is taken
for granted and their properties are investigated.

The surface—tension term. In this paper, we focus on the case of the energy ®
in (1.4) when the volume term w has linear growth at infinity and satisfies

(1.6) w(J) > w>J + wo, J >0,
for some constant constant wy € R. Hence, due to the linear growth of ® with

respect to |Vu|, the natural functional setting for the minimization of E is the set
of (radially symmetric) BV functions.



ON GENERALIZED VARGA MATERIALS 3

The materials described by this choice of ® and w can be named elasto—plastic
brittle materials. Assume in fact that up: B> — R3 (h > 1) is a minimizing
sequence of F among radially symmetric smooth maps, subject to the boundary
displacement condition. Due to the linear growth, the minimizing sequence in
general has a subsequence which converges in L' (B2, R?) only and the limit function
u is a radially symmetric map with an increasing profile function v: (0,1) — R
satisfying 0 < v(0) < v(1) < A. Therefore, besides the occurrence of cavitation
v(0) > 0 analyzed in [15] in the superlinear case w™ = 400, in the linear case
0 < w™ < +oo considered here these materials may present one of the following
three behaviours or a combination thereof:

e fractured body: the profile function v(r) fails to be continuous in (0, 1), but
no energy concentration appears at the discontinuity points;

e plasticity: energy concentration may appear at R = 0, if v(0) > 0, or at
some shell |z| = R, where 0 < R < 1;

o diffuse fractures: it cannot be excluded a priori that v(r) behaves like e.g.
v(ir) = A =1)r+wve(r) for 0 < r < 1 (A > 1) where ve is the usual
Cantor—Vitali function.

Roughly speaking, in the linear growth case considered here, as the parameter A
of the boundary displacement condition u(x) = Az grows from A = 1 to infinity in
time, elasto—dynamics suggests that a threshold \g exists such that, for A > A, the
trivial configuration u(x) = Az fails to be energy favorable and the body brakes in
two possible ways: at the origin, so that cavitation appears, or at a shell |z| = R
for some positive radius R € (0, 1).

In order to exclude the other phenomena, that we call plasticity and diffuse fractures,
we postulate that the body under scrutiny is subject to a positive surface tension.
From the mathematical point of view this physical assumption is described by adding
to the energy functional (1.1) a surface-like term proportional through a positive
constant p to the total area of the boundary of the graph

Gu = {(z,u(z)) |z € B® and = # 0}

of the deformation map u. Assuming that the profile function v associated with u
is continuous and 0 < v(0) < v(1) = A, it is given by the term

pAT [(1+2%) +v(0)?]

where g > 0 is a constant which depends on the material. If instead the increasing
profile function v(r) is discontinuous at some point R € (0,1) and v(R*) denote the
left and right limits of v at r = R, the boundary of the graph of the corresponding
deformation u contains two further SO(3) x SO(3) invariant surfaces and the total
area of the graph of u features an additional term given by

pam [(R* +v(R7)?) + (R* + v(R1)?)]
for every discontinuity point R € (0, 1) of the profile function wv.
The very same surface term is considered in [18], where the minimization is not
restricted to radial deformations. However, the results of [18] apply to the so—called
neohookean materials, i.e. require that the volume term w be superlinear and that
the energy density control the LP—norm of the gradient with p > N — 1 and hence
do not apply to the case of generalized Varga materials considered here. See also [9]
and [14] for related results in the limiting case p = N — 1 and also [12], [13] and [5]
for futher results. We also mention [2] for a regularization approach to problems
with linear growth.

Admissible profiles and the energy functional. On the ground of the previous
arguments, we consider deformations u as in (1.2) with possibly discontinuous profile
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functions v. Since the fracture that may appear inside the body is conceivably
unique, from now on we assume that all profile functions may have at most one point
of discontinuity at some point r = R with R € (0, Ry] for some positive parameter
Ry € (0,1). This mathematical assumption is physically justified by the observation
that, in any possible experiment, the specimen must be clamped in some region
(Ro, 1) and no fractures can appear in the clamped portion of the material.

More precisely, for any choice of the parameter A > 1, we denote by A(X) the class
of functions v: I — R (I = (0, 1)) with the following properties:

e v is nonnegative, strictly increasing and such that v(1) = A;
e cither v € WH(I) or v € WHI(T'\ {R}) for some R € (0, Rg] and v(0) = 0.

Therefore, a profile function v in A()) is either a Sobolev function in W1(I) whose
value at 7 = 0 may be v(0) = 0 or v(0) > 0 or v has a unique discontinuity point
R € (0, Ry), i.e. v(R™) < v(R"), and is a Sobolev function in each interval (0, R)
and (R, 1) with v(0) = 0.

For generalized Varga materials in the physical dimension N = 3, the energy of a
radially symmetric deformation u with an admissible profile function v € A(A) is
thus given by

(1.7) E,(u) = W (Vu(z))dx + pH*(0G.,)
BS

where W is associated with ® given by (1.4) and the energy E,, can be rewritten in
terms of the profile function v by means of the functional

(L8) Fu(v) = F(o) + pS(v), v e AW,

where, for any function v € A(X), we have set

F(v):= 47r/01 r? {cl [u’(r) + zv(:)} T

21/(7’)M + (U(T)>2 +w (v’(r) <U(T))2> } dr
T T r
and, recalling the definition of v in A(\), for the area term X(v) we have set
S(v) = 4r {[(0))? + (1+ 2%)}
when v € A()\) is continuous and
S(v) =4m {(R* + [o(R7)]?) + (R* + [v(R)]?) + (1 + %)}
when v € A(\) has a discontinuity point at r = R € (0, Ry].

+cCo

Hypotheses on w and normalization conditions. In the physical dimension
N =3, let ®(&,7n) be the strain energy of generalized Varga materials (1.4).

For the volume term, we assume that the function w: (0,+00) — R satisfies the
following hypotheses:

(H1) w e C?*(0,+00);
H2) w is strictly convex in (0, +00) and w”(J) > 0 for every J > 0;
H3

hm w(J) = +oo;

J—+o00

there exist 0 < 6 < 1 and C > 0 such that

(H2)
(H3)
(H4) hm w(J)/J =w™ € (0,+00) and w(J) > w™J + wq for every J > 0;
(H5)

[t—1/ <4 — D) (tJ)| < C [w(J)+1] VJ>0.
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We notice that hypotheses (H2) and (H3) imply that w’(J) — —oo as J — 0" and
that hypothesis (H4) expresses the property that w has linear growth at infinity
and rules out convex functions as J € (0, +o0) — J —log J. Moreover, in view of
the strict convexity of w and (H4), we have w'(J) < w™ for every J > 0 and it is
not restrictive to assume in addition that

(1.9) wp >0
and to extend the definiton of w to the whole real line by setting
w(J) = 400, J <0.

As regards the hypothesis (H5), it is a structure hypothesis on w which is satisfied
for instance by suitable perturbations of the model case w(J) = aJ + b/J%, J >0
(a,b> 0 and a > 0), see [4]. It implies in particular that

(1.10) 0< Jw'(J)| < ClwJ)+1], J>0.

As to the coefficients ¢1, ¢z > 0 in (1.4) which are so far undetermined, we choose
their values by imposing for physical reasons that the profile function v(r) = r of
the undeformed configuration u(x) = x is stable with respect to outer variations
v 4 d¢ with smooth test functions not necessarily compactly supported in I. As we
shall see in Sec. 5, for generalized Varga materials in dimension N = 3 this gives
the equation

(1.11) c1+2c+w' (1) +2u=0

which corresponds to the first normalization condition assumed in [15], when p = 0.
Here, since g > 0 and the coefficients ¢; and ¢y are nonnegative, we must have
w’(1) < 0 which means that the unique critical point J, of the function w is strictly
greater than 1.

We notice that in [15] it is further assumed that the energy density vanishes in the
undeformed configuration. Here, as a consequence of (H4) and (1.9), we assume
instead that w(J) > 0 for every J > 0. From the point of view of minimization of
F,, this difference from [15] is immaterial.

As a model example, for any choice of the coefficient 1 > 0 of the surface-like term,
we consider the function

b
(1.12) wl)=al+ 5. >0,

where a, b are positive numbers, Then, w satisfies the hypotheses (H1),... ,(H5)
with w® = a > 0 and, since ¢1,¢3 > 0 and g > 0, the normalization condition (1.11)
requires that w'(1) = a —b < 0, i.e. b > a > 0 and this is fulfilled by taking e.g.

ci=ca=(b—a—2u)/3 and b—a>2u>0.
For this choice of the parameters, the strain energy corresponding to generalized
Varga materials in dimension N = 3 is
1

(1.13) ®(&,7) == bra—Zu [(€+2n) + (2n+n)] +aén® +b o

3
and the lower bound (1.6) holds with wo = 0.

§&n>0,

Main result: existence of minimizers. In the next sections, we extend the
definition of generalized Varga materials to any dimension N > 3 and we prove
that for every IV > 3 and for every choice of the parameters A > 1 and p > 0 the
minimum of the energy of generalized Varga materials

E,(u) = E(u) + pHY "1 (0G,)

is attained among radially symmetric maps u with a profile function v in the class
A(X) and that a complete description of minimizers v is available (Theorem 4.5).
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v(l) = A v(l) =X v(l) =X
A A A
v(0) v(R1)
v(R™)
0 1 T 0 1 T 0 R 1 T
linear cavitation fracture

FIGURE 1. Possible minimizers v € A(X) of F, in Theorem 1.1.

Since we have not given the definition of generalized Varga materials in arbitrary
dimension yet, here we state the result for the case N = 3 and we postpone the case
of arbitrary dimension N > 3 to Theorem 4.5.

Throughout the paper, all results are stated in terms of the equivalent energy (1.8)
as a function of the profile functions v.

Theorem 1.1. Let F,, be the energy functional defined by (1.8) where ¢i,co > 0
and w satisfies hypotheses (H1),...,(H5). Then, for every A > 1 and p > 0 the
minimum problem

inf {F,(v) | v € AN}
has a solution v € A(X). Moreover, the minimizer v(r), r € I, is of one of the
following three types:

(1) lnear: v(r) = Ar;
(2) cavitation: v(r) = (Jr® + k)1/3 with v(0) =k >0 and J = X3 —k > 0;
(3) fracture:
_JKr f0<r<R
vr) = {(Jr3 +B)Y? i R<r<1
with R € (0, Ro), K >0, JR® +k > (KR)® and J = \> — k > 0.

The possible three types of solutions are represented in Figure 1.

This theorem is proved in Sec. 4 for arbitrary dimension N > 3 and in the last Sec. 5
we analyze the occurrence of cavitations and fractures in the model case (1.13) and
we compare our results with those obtained by Horgan in [15].

2. NOTATION AND PRELIMINARY RESULTS

In this section, before defining the energy functional for generalized Varga materials
in any dimension N > 3, we gather notations and preliminary results. In particular,
we review some basic facts on one-dimensional functions of bounded variations and
lower semicontinuity of integral functionals in the same setting.

Throughout the paper we use standard measure and functional analytic notations;
in particular, we denote the Lebesgue and Borel o —algebras of R and I by L(R)
and B(I) respectively and we denote the Lebesgue measure and the a—dimensional
Hausdorff measure in R by £! and H® respectively.

Functions of bounded variation and lower semicontinuity in BV. The
Banach space of real-valued, bounded Borel measures p: B(I) — R in I endowed
with the total variation norm ||| aqry = |u|(I) is the dual space of Co(I) and is
denoted by M(I). If u is any such measure, its Lebesgue decomposition into the
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(mutually singular) absolutely continuous p*¢ and singular part p® with respect to
LY s

M:Iuac+ﬂs:9£1+‘us
where 6§ € L'(I) is the Radon—Nikodym derivative of ;1 with respect to £'. We
denote also by BV (I) the Banach space of functions of bounded variation, i.e. those

functions v € L°°(I) whose distributional derivative Dv is a real-valued, bounded
Borel measure in I:

/ o(r)g! (r) dr = — / S d(Du)(r), Ve CR(I),
0 0

endowed with the norm |[v|| gy (1) = [|vllz1 (1) + | DVl m(r)-
In this one-dimensional setting, the precise representative
1 r+h
v(r)= lim — v(p) dp, rel,
(r) = lim o - (p)dp

of a function v € BV (I) is defined at every point in I and in the sequel we shall
always use the precise representative when dealing with functions in BV (I). With
this convention, every function in BV (I) is the difference of two increasing and
bounded functions, the left and right limits v(r*) of v exist at every point r € I and
the discontinuity set S(v) of v is countable. Moreover, v is (classically) differentiable
at L'-a.e. point in I with (classical) derivative v/ € L*(I) and the Lebesgue
decomposition of the distributional derivative Duv is

Dv = D*v + D%y =v'L' 4+ D%v
and the singular part D*v can be further decomposed into the (mutually singular)
Cantor and jump parts
DSy = D% + D’v = D + [v(r*) —v(r7)] H L S(v)

where D (B) = 0 for every countable set B C I.

Finally, we recall that, if {v,}, € BV(I) is a bounded sequence in BV (I), i.e.
llvnllBv (1) < C for every n, by Helly’s selection theorem there exist a subsequence
Um = Uy, (m >1) and a function v € BV (I) such that

e v, (t) = v(t) as m — +oo at every point ¢t € I where v is continuos;
e Dv,, — Dv in w*~M(I) as m — 4o0.
Moreover, ||vy| ey < C for every n and v, — v in L'(I). In this case, we say

that v,, = v weakly™ in BV (I) as m — 4oo. This remark applies in particular to
sequences of functions in A(\) because we have

|Dv|(I) = Dv(I) = v(1) —v(0) < A

for any such function v.

We refer to [1] and [11], Sec. 4.4.1, for the other properties of BV functions that
will be used in the sequel.

Next, we turn to the (sequential) lower semicontinuity of integral functionals with
respect to the weak™ BV convergence. To this aim, let f: I x R — [0, +00] be a
function such that

(F1) f is lower semicontinuous in I x R;
(F2) the function p € R — f(r,p) € [0, +00] is convex for every r € I;
(F3) there exists pg € L°°(I) such that r € I — f(r,po(r)) is in L>=(I);
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and let f°: I x R — [0, +o0] defined by

0o . . f(rv pO(r) + tp)
f(r,p) = tggx) —

(r,p) € I xR,
be the recession function of f (see [21]). The recession function f*° is clearly
L(I) ® B(R) measurable and its definition does not depend on the choice of py.

Then, we recall the following Goffman—Serrin’s type (sequential) lower semicontinuity
result in weak™— BV ([6], Theorem 3.4.1 and Corollary 3.4.2).

Theorem 2.1. Let f: I xR — [0,4+00] be a function such that the hypotheses (F1),
(F2) and (F3) hold. Then, the functional

veBV(I) — /If(r,v'(r))err/Ifoo (r,%(m) d|D*v|(r)

is (sequentially) lower semicontinuous in weak™—BV (I).

Generalized Varga type integrals in higher dimension. In any dimension
N > 3 the principal invariants I1,..., Iy of a matrix with positive determinant
Ae Mf *N are the coefficients of the characteristic polynomial

(~D)Ndet (A —tly) =t =LtV (DN Myt ()Y Iy

and turn out to be the symmetric and n—homogeneous functions I,, = I, (A1, ..., An)
(n=1,...,N) of the singular values A1,..., Ay of A. In the sequel, we shall adopt
the shorthand notation

J=InA,. . AN) == A1 AN

for the determinant. For matrices A € Mi’ *N whose singular values are & := \;
and 7 := A\, forn =2..., N as in (1.3), the principal invariants are given by the
formulas

1

Iy = I,(n,6) = (:_1) &+ (Nn 1> n I =Jn,&) =N

forn =1,...,N — 1. In particular, for N = 3 we get I, = £ + 2, I, = 26n + n?
and J = &n? as in the definition (1.4).

Therefore, the general form of the strain energy density corresponding to generalized
Varga materials in dimension N becomes

N—-1
®(n,§) == Z cn In(n, &) +w(J(n,8)), n,§ >0,
n=1

for non negative coefficients ¢, (n = 1,..., N —1) and for a smooth, nonnegative and
strictly convex function w: (0,400) — [0,400) satisfying hypotheses (H1),...,(H5).
In particular, for N = 3 we recover formula (1.4).

For any radially symmetric map u: BY — RY with profile function v € A()), the
corresponding energy functional (1.7) can be written as the sum of two terms as in
(1.8) and the first term F' reduces to

1 N—-1
(2.1) Fv):=on_1 [ V71 Z en In (V' (r),v(r)/r) +w (J@'(r),v(r)/r))| dr
0

where o _1 denotes the H~ ~1-measure of SV =1, the unit (IV — 1) —sphere centered
at the origin in RY.

As to the other term ¥ in (1.7), we notice that, if the deformation u: BY — R¥ is
a radially symmetric map associated with a profile function v in the class A(\) as
before, the graph G, of u is linked to the graph G, of v by the formula

Gu = h(G, x SV 71)
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where h: R x R x RY — RN x R¥ is the map defined by
(2.2) h(r,p, z) := (rz, pz), (r,p,2) € R x R x RV,

In a similar way, the boundary 9G,, of the graph of u is the SO(N)x SO(N) invariant
(N — 1) —surface given by

G, = h(9G, x SN~ 1)
where, recalling the definition of v in A(X), the boundary of the graph G, is given
by
06, — {(0,v(0)), (1, A)} if v is continuous
Y {(0,0), (1, A), (r,v(R7)), (r,v(R+))} if S(v) = {R}.

As a consequence, the (N — 1) —dimensional area of 9G, is given by HN~1(0G,) =
Y (v) where 3(v) is either given by

(2:3) () i= o { O+ (1402) 7]

when v € A()) is continuous or it is given by

(2.4) X(v):=on-1 {(32 RO T 4 (R4 (ROP) T+ (1+2) NZ}

when v € A(X) has a discontinuity point at r = R € (0, Ry], since in such case we
have v(0) = 0 by definition.

Therefore, for generalized Varga materials in any dimension N > 3, the energy of a
radially symmetric deformation u with an admissible profile function v € A(\) is
still given by (1.8) where F(v) and X(v) are now defined by (2.1) and by (2.3) or
(2.4) respectively.

We also remark that, by setting w(0) = 400, the functional F is actually well
defined for every non negative and increasing profile function v: I — R, regardless
of v enjoying all the properties stated in the definition of A()).

Finally, we assume also that w satisfies the normalization condition which ensures
the stability of the undeformed state v(r) = r with respect to outer variations as
discussed in the Introduction in the case N = 3. In Sec. 5, in dimension N > 3, we
obtain

(2.5) Z nep+w' (1) + (N —=1)20=3/2, = ¢

which reduces to (1.11) for N = 3.

Extended integrands and derivative measures. By elementary computations,
for every nonnegative and increasing function v: I — R the principal invariants I,,
satisfy

(2.6 P00/ = 5 () 5 05 )

for a.e. r € I and every n and hence Writing rN="9™ as a shorthand for the function
relwe N (n=1,. , the functional F in (2.1) can be written as

(2.7) F(v) = /fn r, (PN ) dr, v e A(N),

1<n<N

where the integrands f,,: I X R — [0, +00] are defined by

0 ifrelandp<0

p) = n (N .
Jn(r,p) ?\T(n)p ifrelandp>0

(n=1,...,.N=1)



10 PIETRO CELADA - DOMENICO MUCCI

and

400 ifrelandp<0
Nt (p/(NrNTH)) ifr € T and p > 0.

fN(Tap) = {

These functions f,, satisfy hypotheses (F1), (F2) and (F3) with recessions given by

0 forp <0 0 for p <0
> = n (N =1,...,N—1); X = 0
I N<> e ySR T ey

for every r € I. In this way, the functional F' in formula (2.7) is actually well defined
for every function v in BV (I) and the extended integral functional

(28)  F(o):=on1 3. { /O o (r, (PN =m0y dr + f;;ODS(rN—%”)(I)}

1<n<N

is (sequentially) lower semicontinuous with respect to weak™— BV (I) convergence
(Theorem 2.1).

For functions v € A(\) the original functional F defined by either (2.1) or (2.7) and
the extended integral (2.8) are linked by

(2.9) Fv) = F(v) — Fhole(v), v e AN,
where the additional term Fj,qe is defined by

0 if v is continuous

(210) Fhote(v) =4 37 foRN T {lo(RT)" — [w(R7)]"}  if S(v) = {R}

1<n<N

and accounts for the possible (negative) energy contribution due to the hole in the
graph of v.

Finally, we notice that the action of the extended integral functional F can be
described in terms of the total variation of measures.

In fact, for a given nonnegative and increasing function v: I — R such that v(1) < A
or more generally for every function v € BV (I), we can decompose the derivative
measure D(rV="v") (n = 1,..., N) into its absolutely continuous and singular
components, i.e.

D(TN_n’l)n) _ DaC(TN—n,Un) + DS(TN_nUn).

For every function v as above, from formula (2.6) we get
1
/ Fo (r, (PN 70" ) dr = fEDC (YT N)(I), n=1,. N =1,
0

for the absolutely continuous component and hence, writing here and in the sequel
for the sake of brevity

Ju(r) == v'(r) (”(T)>Nl for a.e. r € I

r

for the jacobian and noticing that we obviously have

b [w(]Y _ AN
/OrN 1Jv(7")dr§ N §W7

we obtain the following result.
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Proposition 2.2. Let v: I — R be a nonnegative and increasing function such that
v(1) < A. Then,

(2.11) F)=ox-1 Y DN ""0")(I) + Fya(v)
1<n<N

where the volume term F.o) s given by
1
(2.12) Foo(v) := UN,l/ N w(Ju(r)) — w™Ju(r)] dr.
0

We notice that, if Fye(v) < 400, then v must be strictly increasing and, since
D@™)(I) = )Y = [O)]Y  and  DENT")(I) = [v(1)]"
forn=1,..., N — 1, if the boundary condition v(1) = X is satisfied, we obtain

F(v) = C(N, ) + Frai(v) = w® 2L fo(0))Y

where C'(N, A) is a positive constant depending only on N and A.

3. RELAXATION AND EXISTENCE OF GENERALIZED MINIMIZERS

In this section we consider the minimum problem

(3.1) inf {F,,(v) | ve AN}
where F,, (1 > 0) is the energy functional defined by (1.8) for generalized Varga
materials in dimension N with coefficients ¢, >0 (n =1,..., N — 1) and volume

term w satisfying hypotheses (H1), ... ,(H5).

Our goal is to apply the direct method of the Calculus of Variations and we recall
that, due to the monotonicity and the constraint on the values, the set of admissible
functions A(XA) is bounded in BV(I) and therefore every minimizing sequence
{vn}n C A(X) has a subsequence which converges in weak”— BV (I) to a nonnegative
and increasing function v such that v(1) < A. Yet, due to the linear growth of the
strain energy density with respect to the principal invariants, nothing ensures that
the limit function is in A(A): the limit function v need not satisfy the boundary
condition v(1) = A, neither be strictly increasing nor have at most a unique point of
discontinuity and be Sobolev off that point. In principle, the limit function v might
have a countable dense set of points of discontinuity and have a nontrivial Cantor
part as well. Moreover, even if {vp}} is a minimizing sequence such that v, — v in
weak™— BV (I) with v € A()), it can be proved that F(v) < liminfy, F'(v) but the
functional F), fails to be lower semicontinuous along the sequence {vy, }, due to the
presence of the area term ¥ (Example 3.2).

In order to overcome these difficulties, we proceed by relaxation: we extend the
functional F), to a functional F, defined on more general objects that we call
generalized graphs. Technically speaking, these generalized graphs are (integer
multiplicity) rectifiable 1—currents in R x R. The relaxed functional F,, turns out
to be lower semicontinuous with respect to a suitable notion of convergence of
generalized graphs (Theorem 3.4) and has a minimizer among generalized graphs
(Theorem 3.5). Finally, we prove that this minimizer is the graph of a function
v € A(N) as in Theorem 1.1 or in Theorem 4.5, depending on the value of N > 3.
Before introducing the generalized graphs and the relaxed functional F,, we first give
an elementary example in the physical dimension N = 3 which describes the onset
of fractures and the consequent energy concentration in the weak limit process. The
same example shows that the energy functional F), fails to be lower semicontinuous
on A(X) with respect to weak™ BV (I) convergence.
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Energy concentration and lack of lower semicontinuity. The following ex-
ample shows that energy concentration occurs at the site of fracture.

Example 3.1. Let N=3 and, for 0 < R< Ry, 0<e<l—Rand0< a<f <A,
let v € A(X) be the continuous and strictly increasing function which is linear on
each interval (0, R), (R, R+¢) and (R+¢,1) and is such that v.(0) =0, v.(R) = a,
ve(R+¢) =, v-(1) = \. Clearly, {v:}. converges in weak™ BV (I) as € — 0T to
the discontinuous and strictly increasing function v € A(A) which is linear on each
interval (0, R) and (R, 1) and is such that v(0) =0, v(R™) = «a, v(R) = (a + 3)/2,
v(RT) = and v(1) = \.

Setting for the sake of brevity

o) = &r) = 20 CU) )= L) - B) +ad

and
r
for R < r < R+ ¢, by elementary computations we obtain

R+te
lim 477/ r2[E.(r) + 2n:(r)] dr = 47 R*(B — a);

e—0t

RR+5
lim 477/ r? [255(7‘)7]5(7") + [175(7")]2} dr = 4x R(B2 — a2);
e—0t R

and, recalling that w™ is the recession of the integrand w, we also get

R+e
Jim dr [ R (6 () () dr = (80— o).

Therefore, we have

. 2 2 2 1 ') 3 3
(3.2) El_l)r(x)l+F(v5)—F(v)+47r{clR(B—a)—&—@R(B —oz)—i-gw 5] —Oé)}.

The terms R3~"(B" — a™) which are the contributions to the total energy of the
singular part of D(rV="v") (n = 1,2,3) account for the energy concentration
phenomenon occurring in the limit process. (]

The functional F' is lower semicontinuous along weak*— BV (I) convergent sequences
in A()X). However, this is not the case for the area term X.

Example 3.2. Let v and v. be as in the previous example. For the area term given
by (2.3) and (2.4), we clearly have

Y(ve) = 4m(1 4 A2), £ > 0;
B(v) = dm [(14+ A7) + (R + o) + (B + 57)] ;
since v is discontinuous at 7 = R with @ = v(R™) < v(R") = 8. Therefore, we have
X lim ¥
(v) > lim %(ve)
so that the functional v — X(v) fails to be lower semicontinuous along weak™— BV (1)

convergent sequences of functions in A(\) and this affects the lower semicontinuity
of F, as well. In fact, from (3.2) we have

lim Fu(v:) = F(o)+

+ 4w {01 R*(B —a) 4+ ca R(B* — a?) + %woo(ﬂ‘3 - oz3)} +4mp(1 4 2?)

whereas F),(v) is given by
Fu(v) = F(v) +4mp [(R? + a®) + (R* + 5%)] + 4mp(1 4+ 2%)

and, taking vy, = v, with £, — 07, we see that the functional F,, fails to be lower
semicontinuous for suitable choices of o and S. O
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Relaxation and existence of generalized minimizers. In the minimization
problem (3.1) we have not taken into consideration the contribution of the area term
at r = 0 which plays a fundamental role in the cavitation phenomenon. Moreover,
since we only have weak™— BV (I) convergence, the Dirichlet condition v(1) = A is
not preserved in the minimization process.

For these reasons and on account of the lack of lower semicontinuity of F),, we now
extend the energy functional F), to a new energy functional F,, defined on more
general objects which takes into account the contributions to the total energy at
r =0 and r = 1. These more general objects which we call generalized graphs are
elements of the form (v, e, R,7%) where v: I — R is a non negative and increasing
function with v(1) < A and the other real parameters € and 7+ satisfy one of the
following alternative conditions, depending on the value of R € [0, Ry]:

e R=0andeither 0<e<7 =77 <v(0)or0=ec <7 <7t <0(0);
e Re(0,Rp],e=0and v(R™) <7~ <7F <v(R").

The class of all such elements will be denoted by I'(A) and the four prototypical
generalized graphs are represented in Figure 2.

More precisely, with the generalized graph (v,e, R,7%) we are considering the
rectifiable set

(3:3) {({0} x [£,0(0)]) U (9SG, N (I x R)) U ({1} x [v(1), AD}\ ({R} x [r7,77])

where SG,, denotes the subgraph of v, i.e. SG, = {(r,p) € I xR | p < v(r)}.

The set in (3.3) may be seen as the support of an oriented curve « connecting the
point (0,¢) to (1,A). If v is smooth with v(0) = & and v(1) = ), it agrees with the
cartesian curve r € I — (r,v(r)). When 7= < 77, the last term in (3.3) represents
a hole in the support of the curve ~.

We emphasize that the non negative and increasing function v of a generalized graph
(v,e, R,7%) may have countably many discontinuity points besides the possible
discontinuity at r = R.

We define the functional F: T'(\) — [0, +oc] by the formula

(3.4) F(v,e, R, 7F) := F(v) — Fuoe(R, 7F) 4+ Fy(v(0), &) + Fy(v(1))

for every generalized graph (v,e, R, 7) € T'(\) where F(v) is given by (2.8) and we
have set

N
Fhole(R, 75) := on_1 Z RN ([FH)™ = 7175

n=1

Fo(v(0),¢) := on—1 fFF ([0(0)]Y — &™)
Fi(v(1) = on-1 ) o A" = (1))
n=1

In this way, recalling (3.3), the term F})e represents the (negative) energy contri-
bution of the possible "hole” in the support of the curve v above the point at r = R
whereas the term Fy(v(0),e) accounts for the possible contribution of the term at
r =0, when v(0) > ¢, and the term Fj(v(1)) contains the relevant information of
the boundary condition at r = 1, when v(1) < .

Similarly, we extend the area term X to generalized graphs (v,e, R,7%) € I'(\) by
setting

S(UaEaRv Ti) ‘= ON-1 {ENil + (1 + AQ)(N_l)/Q}
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v(1) v(1) v(1) v(1)

v(0)
v(RT)
7t ++
T_
—
v(R™)
5 e
0 1 r 0 1r s 0 R 1 r
R=0and 7~ =11 R=0and 7~ <7t R>0and 7~ =71 R>0and 7~ <7t

FIGURE 2. Prototypical generalized graphs (v,e, R, 7) € T()).

if 77 =71 and, in case 7~ < 7T, by

ON_1 {[T+]N—1 + (1 _’_)\2)(1\7*1)/2}

S(v,e, R, 7F) ==
ON-1 { Z (R2 + [7”'“]2)(1\7_1)/2 + (1+ AQ)(N_l)/z}
K==

where the first formula applies when R = 0 and € = 7~ and the second one in all

other cases.
Finally, we obviously set

(3.5)  Fulv,e, R, 7%) := F(v,e, R, 7%) + uS(v,e, R, 7%),  (v,e, R, 75) € T(\).
We notice that to the profile function v € A(\) corresponds the generalized graph
(v,e,R,7%) with R = 0 and ¢ = 7& = v(0) when v is continuous in I and with
e =v(0) =0 and 7F = v(R*) when R € (0, Ry] is the unique discontinuity point
of v. In the latter case, Fhole(R,7F) coincides with Fole(v) defined by (2.10).
Therefore, if v € A()), the equalities

F(v,e, R, 7%) = F(v) and S(v,e, R, 7%) = %(v)
hold so that we definitely have the equality
.F#(U,E,R,’Ti):F#(’U), UEA()‘)

Remark 3.3. In the language of currents ([11], Sec. 4.1.5) the generalized graph
(v,e, R, 7%) is the rectifiable 1—current 7 in R x R given by integration of compactly
supported smooth forms in R x R along the naturally oriented rectifiable set in
(3.3). These currents naturally arise as weak limits of sequences of currents carried
by the graphs of functions in A()\). Moreover, the term S(v, e, R, 7%) is the mass
of the push forward through the map A given by (2.2) of the current 97 x SNV ~1
where 0T is the rectifiable 0—current given by the boundary of T' ([11], Sec. 4.2.6).
In fact, we have

(3.6) OT = (6.0 — d0.e)) = Oty = Omir-))
where dp denotes the Dirac measure at a point P € R x R. O
We now introduce a notion of convergence of generalized graphs: a sequence

Vh, En, R, 71 ) }n of generalized graphs in converges weakly to an element
{« Ry, 7, )} of lized graphs in T(\) Kl 1
(v,e, R, 7%) in T'(\) as h — +oo if the following properties hold:

e v, — v in weak™ BV (I) as h — +o0;
. fsh—>5,Rh—>Rand7hi—>7'i as h — +oo;
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and in that case we write
(UhvfhaRhﬂ'ﬁt) — (v,e,R,7%) weakly as h — +oo0.

It is easy to check that I'(\) is closed with respect to this type of convergence and
we notice that, in the special case of generalized graphs associated with functions
vp and v in A(M), we are thus requiring, besides the weak™ BV (I) convergence
of vy, to v, the pointwise convergence of v, (0) — v(0) and v, (RE) — v(R*) too.
Therefore, we are considering a stronger convergence than the usual weak™— BV
convergence.

For the functional F,, the following lower semicontinuity property holds.

Theorem 3.4. Let F,,: I'(A) — [0, +00] be the relazed functional defined by (3.5)
and let (vn,en, Ry, i) (h > 1) and (v,e, R,7F) be generalized graphs in T(\) such
that
(vh,sh,Rh,Thi) — (v,&, R, 7%F) weakly as h — +oo.
Then,
fH(U,E,R,Ti) < l%ni{gffu(vh,eh,Rh,T,f).

Proof. From the definition of weak convergence of generalized graphs it is easy to
check that for the area term S we have

S(v,e, R, 7F) < liminf S(vy, ey, Rh,Thi)
h——4o0

because 7= < 71 implies 7, < 7;7 definitely and, similarly, R € (0, Ro] implies
Ry, € (0, Ry] definitely. Hence, we only have to prove that

F(v,e, R, Ti) < lim inf F(vp,en, Ry, T}:Lt)
h—+oo

and we can assume that the right hand side is finite and, possibly passing to a (not
relabeled) subsequence, we can also assume that the liminf at the right hand side
of the previous formula is actually a limit, i.e.

li + .
hjlfwf(vhvah’Rh’Th ) € [0, +00)

Moreover, the term Fjqle is obviously continuous because R; — R and T}:Lt — 7+ as
h — 400 and hence, recalling the definition of F in (3.4), we are left to prove that

(3.7) F(’U) +F0(1)(0),€) +F1(U(1)) < hHToo {F(Uh) + Fo(vh(0)75h) + F1(Uh(1))} .

Possibly passing to a further (not relabeled) subsequence, we have

vR(0) = vo
as h — oo and 0 < wg < v(0) < v(1) <wvp < A
vp(1) = vy

Assume first that vy < v(0) and v; = v(1) so that (3.7) reduces to
(3.8) Fv) + Fo(v(0),¢) < lim {F(vn) + Fo(vn(0). )}

because of the continuity of F;. By the pointwise convergence v, — v at every
continuity point of v and by the monotonicity of the functions v, and v, by possibly
passing to a (not relabeled) subsequence we can find numbers p; € (0,1) (k > 1)
such that

e for every h > 1, the function vy, is continuous at all points r = py (k > 1);

o pp # Ry, for every k and pp — 07 as k — +o0;

e vp(pr) — v(0) as h = +o0.
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For every h we define the increasing function vy : I — R by setting

Tn(r) = (JhrN + 62[) YN for 0<r<pp
r(T) =
vp(r) for pp, <r<1

where
5o nlon)] —&ff
hi= N -
Ph
Then, 75,(0) = €, for every h so that for these modified functions v, we obviously
have
FO(@h(O%Eh) =0.
Moreover, Juy(r) = Jy, for every r € (0, pp,) and for every h and, since €;, — ¢ and
vp(pn) = v(0) as h — 400 with vy < v(0), we conclude that J, — 400 as h — +oc.
Since vy, is smooth in the interval (0, py,), we can write F(vy,) as

F(vp) =oNn-1 Z (Anh+ Bnp) s h>1,
1<n<N

where

Ph
Ay = / fu (ry (PN "T3)) dr
01 n=1,...,N,
Bun=[ fo(r,(rN""0p))dr + f2D*(rN " 0p) (pn, 1)

Ph

for every h > 1 and we separately compute the limit of A,, , and B, , as h — 4o0.
Forn=1,...,N — 1 we have

A = / " (NI dr = £ )] = £ o ()" 5 0

as h — 400 since N —n > 1 and [va(pp)]™ < A™ for every h whereas for the
remaining term Ap p, recalling that Ju;, = Jj in the interval (0,ps) and that
Jp — +o00 as b — +o00, we get

Ph 1 J
ANh :/ TNl () = 7Jhw( h)
0

e In
1 (o]
= (o) — e} L B (o - ey
as h — +o0o. We have thus proved that
(39) hg&l ON—-1 Z An,h :Fo(’U(O),E).
e 1<n<N

We then turn to the terms B, ;. For fixed 0 < 1 < 1 we have 0 < p;, < 1 definitely
and hence the inequality

1
Bn,hz/ P (7, (PN 0RY) dr + 2D (YR (0, 1)
n

holds for the same h. Letting h — 400, from Theorem 2.1 we get
hmlnanh >/ fn r, (PN "))dr—l—f"oDé( N=my™)(n, 1)

and then, letting n — 0", we obtain

lim ON-—-1 Z Bn,h:F(U)

h—4o0
+ 1<n<N
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and, combining the previous inequality and (3.9), we conclude that

(3.10) F(v) + Fo(v(0),¢) < liminf F(y,).
h—+oco
Finally, we claim that
(3.11) limsup [F(v,) — F(vp)] < lim Fo(vy(0),ep)
h—4o00 h—+o0

so that the lower semicontinuity inequality (3.8) follows from (3.10).
In order to prove (3.11), we notice that, since T, = vy, in the interval (pp, 1) and v,
is smooth in the interval (0, p) for every h, the difference F(v},) — F(vp,) reduces to

F(@h) — F(’Uh) =0OnN-1 (Al,h +...+ AN,h)

where forn=1,...,N
Ph
An _ o (r N-— ngn d
= [ ey s
Ph
{/0 fn(,(Nnn))d’l"+fooDS(Nnn)(oph)}

Forn=1,...,N —1 we have
Ph
AﬂmmNmmwzﬁﬁﬂwme
Ph
=A Fo (r, (PN Y 4 2D (PN P (0, )

for every h since N —n > 1 and Uy, (pp) = vn(ps) whence we conclude that A, , =0
for such n for every h whereas for Ay p, recalling that r € I — rN=1Ju,(r) is
integrable and that 7j,(0) = ¢j, and arguing as in the computation of Ay j, we find

Anyp = /Oph N w () — w(Jwy)] dr — —Ds(vh )(0, pr) =

Ph Ph
= / rN=Lw(Jy,) dr — / N w(Jvy) — w™ Juy] dr+
0 0

—w®D(v;)(0, pn) =

Yw(Jop) — w™ Joy] dr+

_7{'Uhph = [on(0)]"}

for every h. In view of (H4) and (1.9), we have w(Jvp) — w™>Jvp, > wg > 0 whence

we conclude that
w™ w> (w(Jp) Fo(vn(0),en)
NS T {lon(pn)] en } + N ( A v ) ON-1

as h — +oo and this completes the proof of the claim.

We have thus proved that F is lower semicontinuous along weakly convergent
sequences of generalized graphs such that vg < v(0) and v; = v(1). The same
argument works for sequences of generalized graphs such that vy = v(0) and
v(1) < vy and for the general case as well. O

[on (o)1 — e w(Jn) e
N T _/0 o

+o(1)

Since the set of generalized graphs I'(A) is clearly (sequentially) compact with
respect to the weak convergence of generalized graphs, we immediately conclude
that the relaxed functional F,, has a minimizer (v, e, R, 7%) € I'(\). Moreover, since
F(v) < 400, the corresponding function v: I — R is positive and strictly increasing.
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Theorem 3.5. Let F,: I'(\) — [0, +00] be the relaxzed functional defined by (3.5).
Then, there exists a generalized graph (v,e, R,7%) € I'(\) such that

7, R,7%) = min F,.
u(v,e, R, 7%) min P

Moreover, the function v: I — R is positive and strictly increasing.

4. REGULARITY OF GENERALIZED MINIMIZERS

In this section, we investigate the regularity of generalized minimizers (v, e, R, 7F)
in I'(\) of the relaxed energy functional F,, (Theorem 3.5). We prove that every
such element (v, e, R, 7%) is given by a function v € A()\) with ¢ = v(0) and either
7 = v(R*), if R € (0, Ro], or 7¥ = ¢ = v(0), if R = 0. In particular, the function
v is one of those listed in Theorem 1.1 for N = 3.

Inner variations and the Euler—Lagrange equation. In this part we explore
the optimality conditions satisfied by the positive and strictly increasing function
v: I — R associated with a generalized minimizer (v, e, R, 7%) of the relaxed energy
functional F,, (Theorem 3.5).

We perform inner variations of the positive and strictly increasing function v: I — R
of a minimizer (v, e, R, 7¥) € T'(\) of the relaxed energy F,, and we derive the Euler—
Lagrange equation satisfied by v in every open interval (a,b) C I such that either
R ¢ (a,b) or R € (a,b) and 7~ = 7. In the language of currents, see Remark 3.3,
this condition means that the rectifiable 1—current T given by integration along
the naturally oriented rectifiable set in (3.3) has no boundary in the vertical strip
(a,b) x R, compare (3.6).

To this aim, let v: I — R be a strictly increasing function with 0 < v(0) < v(1) < A
and let (a,b) be an open interval in I. For every smooth function ¢ € C°(I) with
support spt (1) C (a,b) and for every small enough ¢, the function

Us(r) =r+dY(r), rel,

is a strictly increasing, smooth diffeomorphism of I onto itself and hence, for every
small enough d, the functions vs: I — R defined by

vs(p) =v (Y5 (p)), pel,

are strictly increasing in I with 0 < v5(0) < vs(1) < X as well. We call such functions
vs inner variations of v in the interval (a,b) and we notice that for small enough &
the original function v and the inner variations vs coincide in I\ (a, ) and also that
the equalities v(a™) = vs(a™) and v(b~) = vs(b~) hold. For the inner variations v
of v in the interval (a,b) the following result holds.

Lemma 4.1. Let v: I — R be a nonnegative and increasing function such that
v(1) < A and let vs be inner variations of v in the interval (a,b) C I for small
enough 6. Then,

1 1
(a) / PN Tws(p) dp = / N Ju(r) dr < +oo;
0 0
(b) there exists C' > 0 such that

1 1
/ N tw(Jvs(p)) dp < C {/ rN"hw(Ju(r)) dr + 1] ;
0 0

for every small enough §.

The constant C' > 1 in (b) depends on the function ¢ which defines ¥s but can be
taken to be independent of §.
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Proof. Let ¢ € C°(I) with spt(¢)) C (a,b) be the smooth function that defines the
inner variations vg.

The equality in (a) comes from the area formula applied to the functions u and
us associated with v and vs by formula (1.2) and from the equality of the images
w(BN) = us(BY). In fact, since v is (classically) differentiable almost everywhere
in I, in view of the definition of ¥y, by elementary computations we get

Jus(p)

o RSB w0 () e

for a.e r € I and hence, by the change of variable formula with p = Ws(r), by
elementary computations we obtain

1
/ o™ Jvs(p) dp =
0

1 1
= / [T ()N~ Tvs (Us(r)) U (r) dr = / rN= L Ju(r)dr < AV /N
0 0

which establishes (a).
As to (b), exploiting again elementary computations based on the binomial and
Taylor formula, we obtain

1 N
(41) (:[-F&Wr) m = 1—5@5(7"), r e I,
where 5 € C°(I) is the smooth function defined by
(4.2) ps(r) = (N =Dp(r)/r +9¢'(r) +ws(r),  rel,

and ws(r) — 0 uniformly for r € I as |[§] — 0T. Thus,

(4.3) Jus(p) = Ju(r) [1 = dps(r)]

p=¥5(r)

for a.e. r € I so that, from the intermediate value theorem and (H5), we get

w(Jv(r) [1 - 5(,05(7")]) - w(Jv(r)) ‘ =

= |5w' (Jv(r)[l — 96905(7‘)]) Jv(r)apg(r)| =

ls(r)]

= 18 (Jo(r)[L = 88ips(r)]) w' (oL = 65| =5 o <

< C16] [w(Jv(r)) + 1] %

for a.e. 7 € I and for some 6 = 6(r, ) € (0,1) with a constant C' > 0 which depends
on w only. Since the function

@s(r)
1—00ps(r)

is bounded on the interval I uniformly for every small enough ¢, we get

rel—

(4.4) w(JU(r) [1 — 6<p5(r)]) — w(Jv(r)) < C|4] [w(]v(r)) + 1]

for a.e. r € I with a constant C' > 1 which depends on the smooth function 1 but
can be taken to be independent of 6 and this obviously yields

w(Jv(r) [1 - (5<p5(7‘)]) <C [w(Jv(r)) + 1]
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for a.e. » € I with a constant C' > 1 which depends on the same quantities as
before. Finally, by the change of variable formula with p = Us(r) and the previous
inequality, we obtain

1
| wtresto)) do =
- /0 [r + 6w(r)]N_1 w(Jv(r)[l - (5@,05(7“)]) [1 + 51//(7")] dr <

<C (/01 rN " w(Jo(r)) dr + 1)

where, once more, the constant C' > 1 depends only on the smooth function . O

Now, we consider the positive and strictly increasing function v: I — R associated
with a minimizing element (v, e, R,7%) € T'(\) of the relaxed energy functional F,,
(Theorem 3.5) and we look for the optimality conditions satisfied by v by performing
inner variations vs of v.

Theorem 4.2. Let v: I — R be the positive and strictly increasing function of a
generalized minimizer (v,e, R, 7%) € T'(\) of the relaxed energy functional F,, and let
(a,b) C I be an open interval such that either R ¢ (a,b) or R € (a,b) and 7~ = 77T.
Then,
(a) the function r € (a,b) = rN=2 [w(Jv(r)) — w'(Jv(r))Ju(r)] is in L (a,b) if
a>0 and in L (a,b) if a = 0;
(b) the function r € (a,b) — N1 [w(Jv(r)) — w'(Jv(r))Jv(r)] is in Wii(a,b)
if a >0 and in W5} (a,b) if a = 0;
(c) the Euler—Lagrange equation (EL)
d

(4.5) < [PV (o) — ! (Ju(r) Ju(r)] =

= (N —1)rN=2 [w(Jv(r)) —w'(Ju(r))Ju(r)]
holds for a.e. v € (a,b).

Proof. First, we notice that we obviously have F,(v,¢, R,7%) < 400. Then, for
small enough & # 0, we let vs be the inner variations of v associated with the open
interval (a, b) and with a smooth function ¢ € C2°(I) such that spt(¢) C (a,b). We
assume throughout the rest of the proof that § is such that the previous condition
holds.

The equality vs = v out of a compact subset of the interval (a,b) implies that
(vs, &, Rs, 7F) where Rs = Ws(R) is an admissible element of I'(\) and we compute
the limit as 6 — 0 of the (rescaled by on_1) differential quotient

Fu(06765R67Ti)7‘FM(U7€7R7T:‘:)’ 67&07
G'N,1(5

(4.6) A(6) =

which must be zero because of the minimality of (v, e, R, 7F).
Since 7+ = 77 if R € (a,b), the very same reason implies that S(vs, e, Rs, 7%) =
S(v,e, R, 7*) and that

D(pN"™y)(I) =D (rN""") (1), n=1,...,N

and hence, exploiting (2.11) and (a) of Lemma 4.1, the (rescaled) differential quotient
A(0) reduces to the (rescaled) differential quotient of the volume part F., defined
by (2.12), i.e.

Fvol ('Ué) - Fvol (U) 1

1
A(0) = on 10 = 5/0 rN = w(Jvs(r)) — w(Jo(r))] dr.
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Recalling (4.3) and (4.1) and arguing as in the proof of Lemma 4.1, we find

wor [ w (T = s () )
=5 / { 1= ops(r) — w(Jv(r))} dr =

5/1—5@(S {w(Jo(r)[1 = 6ps(r)]) — w(Jv(r))} dr+

! N-1_ ps(r) —
Jr/o r ] _5w6(T)w(J(v(r)))dr =

= A81(6) + A2(9)

for (small enough) § # 0 with ¢s(r) defined by (4.2).
We consider the term Aj(0) first. From the limit of ps as 6 — 0 in (4.2), we get

1 N 1

 {w (o)1 = des(n)]) — w(Tv(r)} =
= —rN ! (Jo(r) Jo(r) [(n — 1)p(r)/r + ' (r)]

for a.e. r € I and from (4.4) we have

lim-———
6%0 51 — dps(r

T,Nfl
I%Efﬁanﬂwwwﬂu—@mmn—wuwwﬂs&”*hwhvﬂ+ﬂ

for a.e. r € I for every small enough § with a constant C' independent of §. Therefore,
since the right hand side of the previous inequality is integrable in I, we can pass to
the limit within the integral as § — 0 and we find

1
%irr(l) A1 (6) = —/ rN ! (Ju(r)Ju(r) [(N = Dg(r)/r + ¢/ (r)] dr
- 0
As to second term As(6), by the dominated convergence theorem we obviously find
1
;in(l) Aq(6) = / N hw(Ju(r)) [(N = D)(r) /r + ' (r)] dr
- 0

We have thus proved that the limit of A(d) as 6 — 0 exists and then it must vanish
because of the minimality of v. Therefore, the equation

/0 PNt {w(Ju(r)) —w'(Jo(r)Ju(r)} [(N = D)o(r)/r+4'(r)] dr =0

holds for every function ¢ € C°(I) with spt(¢) C (a,b) from which, in view of the
integrability of the function

(4.7) r e (0,1) = N [w(Ju(r) — w'(Ju(r)Ju(r)]

which follows from the integrability of r — ¥ ~lw(Jv(r)) and from (1.10), we get
the equality

1
/0 pN-1 [w(Jv(r)) — w' (Jo(r))Jo(r)] @' (r) dr =
=—(N - 1)/ N2 [w(Jv(r)) — w’(Jv(r))Jv(r)} P(r)dr
0

for every function v as before.

If a > 0, the integrability of (4.7) obviously gives (a) which, together with the
previous equality, establishes the validity of (b) and (c¢). If @ = 0 instead, from the
integrability of the function

€ (0,b) — P2 [w(Jv(r)) — w’(Jv(r))Jv(r)} P(r)
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for every ¢ € C°(I) with spt(¢) C (a,b) we can conclude only that the function
in (a) is in L{, (a,b) from which (b) and (c) follow as before. O

Regularity of generalized minimizers. The Euler-Lagrange equation (4.5)
implies that the function v associated with a minimizing element (v, e, R,7%) € T'()\)
of F,, is smooth with constant jacobian determinant in every interval (a,b) C I such
that either R ¢ (a,b) or R € (a,b) and 77 =771,

Theorem 4.3. Let v: I — R be the positive and strictly increasing function of a
generalized minimizer (v,e, R, 7%) € T(\) of the relazed energy functional F,, and let
(a,b) C I be an open interval such that either R ¢ (a,b) or R € (a,b) and 7= =77.
Then, there exist J > 0 and k > —Ja" such that

(4.8) o) = (I + 1) re(ab),
In particular, Ju(r) = J for every r € (a,b).

Proof. The derivative of the function ¢ € (0, +00) — w(t) —w’(¢)t is strictly negative
n (0, +00) because of (H2) and hence the function itself is invertible from (0, +00)
onto (g, +00) where

g:= lim [w(t)—w'(t)t]

t—+oo
and its inverse function is in C'(q, +00). By (b) of Theorem (4.2) we know that
the function

€ (a,b) — [w(Jv(r)) — w'(Jo(r))Jv(r)]

is either in Wt1(a, b) or in W;"

loe (a, b) depending on the value of a and hence the

jacobian Ju(r) can be written as the composition of a Wﬁml with a C! function
whence we derive that Jv € W'l(lycl (a,b). Then, differentiating the (EL) equation
(4.5), we find that

—w" (Ju(r))(Jv) (r)Jv(r) =0  for a.e. r € (a,b)
which, on account of (H2) and Jv > 0 almost everywhere in I, gives
(4.9) (Jv)(r)=0 for a.e. r € (a,b)

and this implies that Juv(r) = J for every r € (a,b) for some J > 0.

Finally, in order to integrate (4.9) and conclude that v is actually given by formula
(4.8), we must rule out the possibility that v has a singular part, i.e. we have to prove
that the singular part (Dv)*(a,b) vanishes. This can be proved by the following
energy argument which exploits the minimality of (v,e, R, 7%) again. Set

ve = v(a™) <o) =

and let v, : I — R be the positive and strictly increasing function which agrees with
vin I'\ (a,b) and is of the form (4.8) in (a, b) with v.(a¥) = v, and v, (b™) = vy, i.e.

oulr) i {U(r) rell\ (a,b)

(JurN k*)l/N € (a,b)
where
N _ N NpN _ NN
A v bt —wyta

Then, Ju(r) = J and Jv.(r) = J, for every r € (a,b) and clearly (v.,e, R, 7%) is an
admissible element of T'(\). We also have S(v., ¢, R,7) = S(v,¢&, R, 7%) and hence
from the equality of the total variations D(rN="v")(I) = D(rN="v7)(I) for every
n and from (2.11) we obtain

‘/_-./i(v*7€aR7 Ti) - ‘F.,U.(Uﬂc:’R? T:t) = F(U*) - F(U) =
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= PO — V) {[w () — w ]~ [w(]) - wJ]}

From the minimality of (v,e, R,7%) we have F,(v,e,R,7%) < F,(v., e, R, 7F)
whence we conclude that J, < J because the function ¢ € (0,400) — w(t) — w™t

is strictly decreasing. On the other hand, from the equality of the total variations
Dv" (a,b) = DvY(a,b) we have

b b
N/ rN=LJu(r) dr + (Do) (a,b) = N/ N g, (r) dr
a a

whence, recalling that Jv(r) = J and Jv.(r) = J,. for every r € (a,b), we conclude
that

JON —a™) + (D)4 (a,b) = J. (BN —a").
Since J, < J, it follows that (DvY)*(a,b) = 0 which implies that v € VVli’Cl(a, b).
Hence, we can integrate (4.9), thus concluding that v is actually given by (4.8) for
suitable J > 0 and k > —Ja". [l

From the previous theorem we obtain also that the function v of a generalized
minimizer (v,e, R, 7) of F, has the form

(4.11) o(r) = (JrN + k;)l/N, rel,

for suitable numbers J > 0 and k& > 0, when either R = 0 or R € (0, Rg] and
7= = 77. Otherwise, if R € (0, Ro] and 7~ < 7, the point 7 = R is the unique
discontinuity point of v and v has the form

(Jor¥ + k)Y ifre (0, R)

(TN + k)Y e e (R 1)
for suitable numbers Jr > 0 and k- > 0 and k, > —J;RY, provided that
0 <v(R™) <wv(R™) <\ In particular, v has at most one discontinuity point and
has no Cantor part.

Now, we analyze the real parameters ¢ and 7 corresponding to a generalized
minimizer (v,e, R, 7%) of F,.

(4.12) v(r) =

Theorem 4.4. Let (v,e,R,7%) € T(\) be a generalized minimizer of the relazed
energy functional F,,. Then,

(a) if R=0, then (v,e4,0,7F) € T'()\) where e, = 75 = v(0) is also a generali-
zed minimizer of Fu;

(b) if R € (0, Rol, then v(0) =& =0 and 7+ = v(R¥);

(c) v(1) = A.

In particular, this implies that the rectifiable set in (3.3) corresponding to the
generalized minimizer (v, e, R,7%) has no “vertical” parts.

Proof. (a) Since R = 0, the parameters ¢ and r satisfy either 0 <e <7~ =7T or
e =0and 7~ < 77 by definition of generalized graph and the function v is of the
form (4.11) by Theorem 4.3 with J = [v(1)]¥ — [v(0)]" and k = [v(0)]V.

First, we suppose that the equality 7= = 7 holds and we assume by contradiction
that e < v(0). For vy € [e,v(0)], we consider the comparison function

vi(r) = (Jor™ + k*)l/N, rel

where J, and k. are given by (4.10) with v, = vg, v, = v(1) and a = 0 and
b = 1. Then, v,(0) = vg and Jv.(r) = J, for every r € I with J, > J. Setting
€. = 7X = ¢, the corresponding element (v,¢,,0,7F) is a generalized graph in
I'()\) such that the terms Fiole, F) and S have the same values for (v,e,0,7F) and
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(v,€4,0,7F). Moreover, for the other terms we have D(rVN="v")(I) = D(rN—"v?)(I)
forn=1,...,N—1and

Fo(v(0),2) + [ DWN)(I) = Fo(vs(0),e.) + fF D(v2)(1)

whence the equality

Fo(vi(0),64) + on_1 Z FEDrNM)(I) =
1<n<N

= Fo(v(0),e) + on—1 Z DN ) (1)

1<n<N
follows. Hence, from the definition of F, and from (2.11) and (2.12) we compute
0< fp(”*; Ex, OaT*i) - ]:M(’U,E, O>Ti) = Fvol(v*) - Fvol(v) =

ON—
= = {lw() —w L] = [w(]) —w™J] }

which gives a contradiction to the minimality of (v,e,0,7*) because the function
t — w(t) — w™t is strictly decreasing and J < J,. This proves that v(0) = ¢ when
R=0and 7~ =77 .

Next, we assume that 7= < 77 and we notice that it must be 7= = ¢ otherwise,
if it were ¢ < 77, we could redefine 7~ to be equal to ¢ and this would make
the term S strictly smaller and the term Fjqp strictly larger whereas all other
terms in F,, would remain unaffected as they do not depend on 7~. Also, it must
be 77 = v(0) otherwise, choosing vy € [7,v(0)], we could repeat the very same
argument of the previous case 7~ = 77 to get a contradiction. Therefore, we
have e = 7~ < 77 = v(0) and the generalized graph (v,e., R,7) € T'(\) where
e. = 7 = v(0) is also a generalized minimizer of F,, because F, takes the same
values at (v,e., R,7F) and (v, e, R,7F). This completes the proof of (a).

)

(b) First, we prove that v(0) = ¢ = 0. By definition, it is ¢ = 0 and, if it were
v(0) > 0, we could choose vy € [0, v(0)] and repeat the very same argument of the first
part of the proof of (a) in the interval (0, R) to get a contradiction to the minimality
of (v,0,R,7%). As to the equality 7+ = v(R*), if 7~ = 71, then Theorem 4.3
yields the continuity of v at r = R whence the equality v(R) = v(R*) = 7% follows.
If 7= < 77 instead, by the very same argument of the corresponding case of (a) we
obtain that v(R¥) = 7% and this establishes (b)

(c) In order to prove that the function v associated with a minimizing element
(v,e, R, 7%) satisfies the Dirichlet boundary condition v(1) = )\, regardless of the
value of R and the validity of the equality 7= = 77 or not, we assume by contradiction
that v(1) < A and, recalling that R € [0, Ry], we perform outer variations of the
function v in the interval (R, 1). For the sake of definiteness, we assume R € (0, Ry
so that v is given by (4.12) in the interval (R, 1) and has constant jacobian Jv(r) = J
in the same interval. The same argument works in the case R = 0. Therefore, let

vs(r) = v(r) + dp(r), rel (§eR),

where ¢ € C°(R) is a nonnegative, smooth function such that spt(¢) C (R, +00)
and (1) = 1. Since v’ is positive and remains away from zero in the interval (R, 1),
the outer variations vs are positive, strictly increasing and such that vs(1) < A for
all sufficiently small |§] > 0 and we assume throughout the rest of the proof that &
is such that this holds, so that (vs,e, R, 7%) is an admissible element in T'(\) too.
Then, we compute the limit as § — 0 of the (rescaled) differential quotient A(J)
defined by (4.6) which vanishes because of the minimality of (v,e, R,7%). Since
the generalized graph (vs,e, R, 7%) and the minimizer (v,e, R, 7%) share the same
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values of €, R and 7%, the area term S and the terms Fy and Fhoe have the same
values for (vs,e, R,7%) and (v,e, R, 7F) Moreover, we have

FEDEN TR + Fivs(1)) = £ DN """ (1) + Fi(v(1))
forn=1,..., N so that from (2.11) and (2.12) we see that only the volume term

Fo1 on the interval (R, 1) is involved in the computation of A(4), i.e.

A((S) _ Fvol(vé) _Fvol(v) _

UN,1(5

1 1
= 5/ rN = H  Jw(Jvs(r)) — w®Jvs(r)] — [w(Jy) —w™Jy]} dr
R
and hence, recalling that vs is smooth in (R, 1), we easily check that we can pass to
the limit as § — 0 within the integral to find

tim A(5) = o [u/(J3) - w) /R (L) dr =

=on_1 [W (J4) —w®] D)V =0.

Since v(1) > 0 and w'(t) > w* for every t > 0 due to the strict convexity of w, we
have got a contradiction and this completes the proof of (c). O

Existence of minimizers. At last, we can prove the existence of solutions of the
minimization problem for generalized Varga materials in arbitrary dimension in the
class A(A). This theorem extends to arbitrary dimension N > 3 the result stated
for N = 3 as Theorem 1.1.

Theorem 4.5. Let F), be the energy functional defined by (1.8) where F and ¥ are
defined by (2.1) and by (2.3) and (2.4) respectively with ¢, >0 (n=1,...,N —1)
and w satisfying hypotheses (H1),...,(H5). Then, for every A > 1 and p > 0 the
minimum problem

(4.13) inf {F,(v) | v € A(N)}

has a solution v € A(X). Moreover, the minimizer v(r), r € I, is of one of the
following three types:

(1) linear: v(r) = Ir;

(2) cavitation: v(r) = (Jr™ + k) YN with v(0)=k>0and J =N —k>0;
(3) fracture:
( Kr f0<r<R
v =
(JTN —|—k)1/N fR<r<1
with R € (0, Ro], K >0, JRN +k > (KR)" and J =\ —k > 0.
Proof. Let (v,e, R,7F) € T'(\) be a generalized minimizer of the relaxed energy
functional F,, (Theorem 3.5). Then, the function v is positive, strictly increasing
and satisfies the Dirichlet condition v(1) = A (Theorem 4.4).
If R =0, we can assume that v(0) = ¢ = 7% (Theorem 4.4) and the function v is
given by (4.11) with J > 0 and k = &V (Theorem 4.3). Therefore, v € A(\) and,
depending on whether £ = 0 or & > 0, the function v is linear as in (1) or cavitating
as in (2). It is then easy to check that
Fulv,0(0),0,7%) = F(v,v(0),0,7%) + uS(v,0(0),0,7%) = F(v) + pE(v) = Fy,(v)
and, since

E,(v) = Fu(v,0v(0),0,7%) = Irr%if}]:“ <inf {F,(0) | v € AN},
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we conclude that v is a minimizer of (4.13).
If R € (0, Ry] instead, then ¢ = v(0) = 0 and 7% = v(R*) (Theorem 4.4). Therefore,
v is linear as in (1) if v(R™) = v(R") and features a fracture at r = R as in (3) if
v(R™) < v(R"). In both cases, we have v € A(\) and, recalling (2.9), (2.10) and
(2.3) and (2.4), it is again easy to check that

Fu(v, e, R, Ti) = F(v) — Frole(R, Ti) and S(v,e, R, Ti) =X(v)

and this implies that v is a minimizer of (4.13) as before. O

5. OCCURRENCE OF CAVITATION AND FRACTURE

In this section we discuss the occurrence of cavitation and fracture for generalized
Varga materials, mainly in the model case (1.13).

The normalization condition. Let Ir = (0, R) for some 0 < R < 1 and assume
that v: Ip — R is a strictly increasing, smooth function with v(0) = 0. We look for
necessary conditions in order that v is a critical point of the energy functional F),
in absence of Dirichlet conditions.

Inner variations lead to the equation Juv(r) = J for r € Ir whence v(r) = Kr for
some K > 0 follows. We now exploit outer variations around v with test functions
© € C(I) such that p(R) = 1 to the energy functional given (up to the dimensional
factor o_1) by the restriction of F), to the interval Ig, i.e.

= R N—1)/2
Zf;’oD(rN*”v")(IR)Jr/O PNl (To(r)) dr 4 p (B2 + (RPN

n=1
where v(R) = v(R™), and we obtain the following balance equation

S 5 RN o(R) ! (D(R)V

(N = 1) (B2 + [w(R)?) "2 u(r) = 0.

If v(r) = Kr, we have v(R) = KR and J = K% and hence, dividing by RV, we
get

N-1
3 nfEE b (KV)EN 4 %(N )+ )NV =,
n=1

In case R =1, letting K = 1, we obtain the equation
N—-1
—w'(1) = Z nfe+C(N)u=0  where Cy:=(N—1)2W-3/2
n=1
which is the normalization condition (2.5).
In the physical dimension N = 3, letting ¢ = K3, we obtain the balance equation

2
(5.1)  —w'(t)=ggr(t)  where  ggr(t) =cit > 4 2c0t7 /% ¢ fﬂfl/?

Since gr(t) > g1(t) for every t > 0 and 0 < R < 1, by the normalization condition
—w'(1) = ¢g1(1) we infer that the equation —w'(t) = gr(t) has a solution tg € (0,1)
for every 0 < R < 1 provided that —t2/3w’(t) — +o0 as t — 0. We notice that
the latter condition is satisfied in the model case (1.12).

Balance equation for energy minimizers. As we have seen, energy minimizers
v € A(X) of the energy functional F,, must be of one of the three types listed in
Theorem 4.5 .
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In the case of a solution v featuring cavitation, i.e.

v(r):(JrN+sN)1/N, rel,

for suitable numbers .J, s > 0 such that J+s" = AN we can perform outer variations
of the energy functional F,, around v with test functions ¢ € C°°(I) such that
©(0) =1 and ¢(r) =0 for r > 1/2 as in Theorem 4.4 and we obtain the balance
equation

N -1
v(0)
which links the constant jacobian Juv(r) = J of v to the radius of the cavity
v(0) = s > 0.
Similarly, in the case of a solution v with fracture, i.e.
( Kr if r € (0,R)
v =
(JriV + sN)l/N ifr e (R,1).
for some R € (0, Rp] and suitable numbers K, J, s > 0 such that
KR< (JRY + 5™V < (148N =\,
by performing outer variations of the energy functional F), around v with test
functions ¢ € C°(I) such that ¢(R) = 1, we get the balance equation

(5.2) w'(J) = p

S nfERY T (R = o(RY)) +
+ {w' (J )RV =/ (T [(BRIN '} =
= (N = 1) 3 (R + [o(R)) 7 o(mr)
K==+
where J_ = KV, J, = J and v(R™) = KR < (JRN +sV)/" = o(R*).

Cavitation vs linear solution. Let A > 1 be fixed and assume that v € A(X) is
a minimizer of the energy functional F}, featuring cavitation. Then, denoting the
radius of the cavity by v(0) = s € (0, A), the function v = v; is given by

N
(5.3) vs(r) = (AN = s™M)rV + sN)l/ , rel,
where J = AV — sV > 0 is the constant jacobian of v, and the balance equation
(5.2) becomes

(5.4) w N —sN)=p

By hypotheses (H2) and (H3) of the energy density w, it turns out that the function
s € (0,A) = w' (AN — sN) is strictly decreasing and onto (—oo,w’(AY)) and hence
the balance equation (5.4) has no solutions s € (0,)) if w/'(AN) < u(N — 1)/
In particular, cavitation may occur only if w'(AY) > J, where J., is the unique
critical point of w. If we assume in addition that w’ is strictly concave in (0, +00),
as it happens for the model case (1.12), it turns out that there exists a threshold
Ao > 1 such that the balance equation (5.4) has no solution for A < Ag, has a unique
solution for A = Ay and has two distinct solutions for A > A\g. Assuming A > Ao and
denoting the two solutions of (5.4) by 0 < s_(A) < sy (), we easily compute

N—1
Fu(vs) =on-1 Z oA + 01}/\7_1 wAY — V)4
n=1

o {14 (14 20) D)
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whence we get

d N -1
£Fu(vs) =on_18V 1 {,us —w' (AN — SN)} >0

for every s € (0,5_(A)) U (s4+(A), A) so that we obtain
Fu(us, ) < Fulvs_x)-

Moreover, we can compare the energy of the linear function defined by wvo(r) = Ar,
r € I, with the energy of the critical point v, corresponding to s = \/21/V:

F#(U/\/Ql/N) - Fu(’UO) =

On—1 A On—1

N-1
— N N

as A — +oo. This shows that the critical point with cavity vy (y) is energetically
favorable if )\ is sufficiently large and that a cavity radius greater than the positive
number 21/a occurs abruptly, when increasing the parameter A > 1 of the boundary
displacement condition.

Occurrence of fractures. In this part we prove that, for suitable choices of the
parameters a,b > 0 in the model case (1.12) in the physical dimension N = 3, there
exists a threshold A > 0 such that, for 0 < A\ < A, the energy functional F}, has a
minimizer v € A(X) which features a fracture at a positive radius r = R.
To this aim, we consider the strain energy density of generalized Varga materials
in dimension N = 3 defined by (1.13) and we choose for example a = p > 0 and
b=3"usothat ¢; = co = (b—a—2u)/3 = (3% — 1)pu. Then, the balance equation
(5.4) becomes

37 2
(5.5) 1 0G5 5
and it is easy to check that for A\ = 3v/4 the unique solution of (5.5) is given by
s = 3. We set \g = 3V/4 and sy = 3 so that the jacobian of the corresponding
critical point vs, of F}, in (5.3) is Jo = A\§ — s5 = 3%,
For such values \g = 3¢/4 and so = 3, we compare the energy of the corresponding
linear function wvo(r) = 34/4r with the energy of the unique critical point of E,
featuring cavitation and satisfying the boundary condition v, (1) = 3v/4 which is
given by
(5.6) va(r) == (Jor® +s3)° = 343 +3)°, rel

The inequality
4 7 9 3 4, 5 73
?(J0+3/J0)+47T80:5'367T> 4+Z ~367r:?(>\0+3/)\0)

shows that F),(vg) < F,(v3), i.e. the linear function vo(r) = 3V/4r has lower energy
than the energy of the unique critical point with cavity vs given by (5.6).
Yet, the linear function vy fails to be a energy minimizer. In fact, taking e.g.

37/6 if 0,1/2
oy = {7, re 1)
3-4Y3p ifre(1/2,1),

we get by easy computation
F() = F(v) =

_ 3T a6 16 | o4/3 _ 41/3 o 42/3) . 97 12 19
= (3 1) (346435 — 412~ 3.4 )+2u23 :
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and
(D) — pB(vo) = mp (24 37/ + 32 42%)

so that we definitely obtain F},(7) < F},(vo).

As a consequence, it is conceivable that there exists a threshold 1 < A < Ag such
that for A < A < A\ the minimal profile function vy, has a discontinuity point at
some radius R € (0,1) and hence it is given by

Kr if r € (0, R)
’U( ) = 3 3 +\13\1/3 .
(J(r® = R®) + [v(RT)]°) ifre(R,1)
where K = t3 < 1 with ¢ the smallest positive solution to equation (5.1). Moreover,
it can be checked that J is related to K through the following balance system
2¢1Rv(RY) — KR] 4 c2[v(RT)? — K2R*+
- R*[w*(w'(J)) — w*(w'(K%))] = 4uR = 0
22 RIKR — v(RT)] 4+ w'(K*)K?R* — w'(J)v(R")? + 2u[KR +v(R")] =0
where w*: (—oo, w™) — R denotes the polar function of w, i.e. w(t) + w*(w'(¥)) =
tw'(t) for every ¢ > 0.
Therefore, a fracture occurs at some radius R and the minimal solution preserves

the same fractured configuration as in (5.7) for A growing from \ with a slope K
(and radius R) fixed independently of the parameter A.

(5.7)

The super-linear growth case. Assume now that w> = 400 in (1.5). In that
case, we consider the class W()) of strictly increasing functions v € Wh1(I) such
that v(0) > 0 and v(1) = A. For any sequence {v,} C W(\) satisfying

sup F,(vp) < 00
h>1

we can find a subsequence converging in L(I) to a function v in the same class
W(A). Therefore, for each 1 > 0 the energy minimum

min { F,,(v) | v € W(A)}

is attained. Since moreover our analysis of critical points continues to hold, this
time we infer that the energy minimizer is continuous and hence it satisfies one
of the first two alternatives of Theorem 4.5, where in case v(0) > 0 the constant
jacobian determinant J satisfies the balance equation (5.2).

Comparison with previous results. A similar cavitation phenomenon is ob-
served in [8], where a radially symmetric model with an energy density containing a
term with superlinear growth in the gradient is analyzed.

In case 1 = 0, i.e. in absence of surface terms, the dynamics of smooth critical points
of generalized Varga materials in the physical dimension N = 3 is analyzed in [15].
In that case, if a critical point v(r) is smooth on I and v(0) > 0, so that a cavitation
occurs at the origin, the balance equation of outer variations implies that the limit
at zero of the radial component T;.. of the Cauchy stress tensor is equal to zero. As
a consequence, equation w’(Jv(r)) = 0 holds and hence Jv(r) = Jg, the unique
critical point of the energy density w(t). This conclusion is consistent with (5.2:?
when p = 0. Therefore, critical points with a cavitation occur for every A > Jclr/
and with a positive cavity radius sy(0) = (A3 — J.,)'/? such that s,(0) — 0% as
X — (JY?)*. On the other hand, in the case u > 0 analyzed here, by taking e.g.
the model case (1.12), cavitation occurs abruptly, with a cavity radius greater than
a positive constant, namely v(0) > 2a/u, due to equation (5.2).

Therefore, the results in [15] are qualitatively different from those obtained here.
Dynamics of materials as in our model are influenced by the presence of an energy
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term depending on the area 47 [v(0)]? of the surface of the cavity or on the area
4m(2R? +[K R)*+ [v(R™)]?) of the boundary of the graph G,, of the fractured radially
symmetric deformation v with a profile function v as in (5.7).
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