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A NEW DUALITY APPROACH TO
ELASTICITY

P. G. Ciarlet *, G. Geymonat ' and Francoise Krasucki ¥

Abstract

The displacement-traction problem of three-dimensional linearized elas-
ticity can be posed as three different minimization problems, depending
on whether the displacement vector field, or the stress tensor field, or the
strain tensor field, is the unknown.

The objective of this paper is to put these three different formulations
of the same problem in a new perspective, by means of Legendre-Fenchel
duality theory. More specifically, we show that both the displacement and
strain formulations can be viewed as Legendre-Fenchel dual problems to
the stress formulation. We also show that each corresponding Lagrangian
has a saddle-point, thus fully justifying this new duality approach to elas-
ticity.

Keywords Linearized elasticity; intrinsic elasticity; constrained quadratic op-
timization; Legendre-Fenchel transform; duality; Lagrangians.

AMS Subject Classification: 49N10, 49N15, 74B05

1 Introduction

All notions, notations, or assumptions not defined or stated here are defined
in the next sections.

Let © be a domain in R3, let its boundary I" be partitioned as T’ = To UT;
with ToNI'; = @ and d-meas g > 0, and let Q be the reference configuration
of a linearly elastic body with elasticity tensor field A, subjected to an applied
body forces of density f € L*(Q) and to an applied surface forces of density
F ¢ L*(T'1), and subjected to a boundary condition of place uw = 0 on I'g
(only homogeneous boundary conditions of place are considered here). This
problem is called a displacement-traction problem if d'-measI’y > 0, or a
pure displacement problem if I'y = I'. The pure traction problem, which
corresponds to I'y = I', is not considered here.
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It is then well-known (see, e.g., Ciarlet [11]) that the unknown displace-
ment vector field T : Q@ — R3? is the unique solution of the minimization
problem

J(©) = inf J(v),

veV
where
J(v) = %/ AV.v: V,vdz — L(v),
Q
Lv)= | f-vdz+ F - vdl,
Q ry

V={ve H'(Q); trv=0o0nTo}.

This minimization problem, which constitutes the modern version of the
classical principle of minimum potential energy (for a historical perspective,
see Gurtin [26] or Benvenuto [6]), will be referred to as the displacement for-
mulation of the displacement-traction problem of three-dimensional linearized
elasticity.

It is also well-known (see, e.g., Brezzi & Fortin [9]) that the same problem
can be also formulated as another minimization problem, where the stress
tensor field @ = AV.o : @ — S? is the unknown, viz.,

g(@) = ci,nefgg(a),

where

g(o’):l/Bo-:o'dz,
2 Ja

S = {o € H(div;Q);dive + f = 0 in L*(Q),
(ov — F,trv)r =0 for all v € V'},

and B denotes the compliance tensor, i.e., the inverse of the tensor field A.

This minimization problem, which constitutes the modern version of the
classical principle of minimum complementary energy (for a historical per-
spective, see again Gurtin [26] or Benvenuto [6]), will be referred to as the
stress formulation of the displacement-traction problem of three-dimensional
linearized elasticity.

It is much less known that yet another approach is possible, where the
strain tensor field € = Vv is the unknown. The idea of such an approach,
which bears the name of intrinsic approach, is not new: in nonlinear three-
dimensional elasticity, it was first suggested, albeit only briefly, by Antman
[4] in 1977; a similar idea for shells and plates goes back even earlier, to
Synge & Chien [33] (see also Chien [10]), who already in 1941 advocated
using the change of metric and change of curvature tensors as the primary
unknowns. This approach was then considerably developed during the past
decades, from the mechanical and computational viewpoints, by Wojciech
Pietraszkiewicz and his group. See in particular Opoka & Pietraszkiewicz [31]
and Pietraszkiewicz [32]. But it is only recently that the mathematical anal-
ysis and numerical analysis of the intrinsic approach to three-dimensional



elasticity were undertaken, by Ciarlet & Ciarlet, Jr. [12, 13], Amrouche, Cia-
rlet, Gratie & Kesavan [3], Ciarlet, Ciarlet, Jr., Iosifescu, Sauter & Zou [15]
in the linear case, and by Ciarlet & Mardare [18] in the nonlinear case.

As shown in C. Amrouche, P.G. Ciarlet, L. Gratie & S. Kesavan, [3] (in
the case of the pure displacement problem, but the extension to a genuine
displacement-traction problem poses no difficulty), one intrinsic approach to
the same problem takes the form of the following minimization problem:

j(€ = inf j(e),
ecML

where
j(e) = %/QAe ceds — L(F(e)),

M= {p € L2(Q);div =0 in H ' (Q); (uv,trv)r =0 for all v € V'},

M* = {e e L?(Q);/ e: pdr =0 for all p € M}.
Q

This minimization problem will be referred to as the strain formulation of
the displacement-traction problem of three-dimensional linearized elasticity.
Note that another strain formulation is possible, but it does not seem to be
amenable to the present approach, however (cf. the discussion given in Section
8).

The objective of this paper is to put these three different formulations of
the same problem in a different perspective, new to the best of our knowledge,
by means of Legendre-Fenchel duality theory (the principles of which are re-
called in Section 2). More specifically, we show in Sections 6 and 7 that both
the displacement and strain formulations are nothing but Legendre-Fenchel
dual problems to the stress formulation, once this formulation has been ap-
propriately recast within the framework of this duality theory (Section 5).
We also show that each corresponding Lagrangian has a saddle-point, thus
fully justifying this new duality approach to elasticity.

The results of this paper were announced in P.G. Ciarlet, G. Geymonat
& F. Krasucki, [17].

2 Legendre-Fenchel duality

All vector spaces, matrices, etc., considered in this paper are real. The dual
space of a normed vector space X is denoted X, and x= (-, -) x designates the
associated duality. The bidual space of X is denoted X™**; if X is a reflexive
Banach space, X** will be identified with X by means of the usual canonical
isometry.

The indicator function I4 of a subset A of a set X is the function I4
defined by Ia(z) := 0 if x € A and Ia(z) := 400 if ¢ A. A function
g: X — RU{+o00} is proper if {z € X;g(x) < +o0} # @.

For the reader’s convenience, the notations chosen below are on purpose
either identical or similar (up to, e.g., italics instead of boldface) to those
used later on.



Let 3 be a normed vector space and let g : ¥ — R U {+o0} be a proper
function. The Legendre-Fenchel transform of g is the function g* : 3% —
R U {400} defined by

g7 e €T 5 g7(e) i= sup{s- (e, 0 — g(0)}.
oex

The next theorem summarizes some basic properties of the Legendre-
Fenchel transform when the space X is a reflexive Banach space. For proofs,
see, e.g., Ekeland & Temam [20] or Brezis [7].

Theorem 1. Let X be a reflexive Banach space, and let g : ¥ — RU{+o00} be a proper,
convex, and lower semi-continuous function. Then the Legendre-Fenchel transform
9" X" > RU{+o00} of g is also proper, convez, and lower semi-continuous. Let

g ioeX = g™ (o) := sup {s+(e,0)=s —g"(e)}
eex*

denote the Legendre-Fenchel transform of g*. Then (recall that X** is here identified
with X)

*

g =g

The equality ¢g** = g constitutes the Fenchel-Moreau theorem; cf. Fenchel
[21] and Moreau [27].
Given a minimization problem

inf G(o), (P)

with a function G : ¥ — R U {400} of the specific form given in Theorem
2, the following simple result will be the basis for defining two different dual
problems of problem (P). The functions £ and £ defined in the next theorem
are the Lagrangians associated with the minimization problem (P).

Theorem 2. Let ¥ and V be two reflexive Banach spaces, let g : ¥ — RU{+oc0} and
h:V* = RU{4o00} be two proper, convex, and lower semi-continuous functions, let

A Y = V™ be a linear and continuous mapping, let the function G : ¥ — RU {+oo}
be defined by

G:0€X — G(o) :=g(o) + h(Ao),
and finally, let the two functions
L:YXY 5 {—c0}URU{400} and L£:%xV — {—oo} URU {+o0}
be defined by
L:(0,e) EXX T = L(0,€) := s+(e,0)x — g"(e) + h(Ao),
L:(0,0) €S XV = L(o,0) := g(0) + v+ (Ao, v)y — b (v).
Then

inf G(o) = inf sup £(o,e) = inf sup L(o,v).
22 GO = Ik sup () = el sap L)



Proof. Since g(o) = g"* (o) for each 0 € ¥ (Theorem 1), we also have
G(o) = g7 (o) + h(Ao) = sup {s-(e,0)s — g7 (e)} + h(Ao)
e€x*

= sup L(o,e) for each o € 3.
e€X*

Hence
inf G(o) = inf sup L(o,e).

oex CET cenit
Since likewise h(v*) = h**(v") for each v* € V* and the space V** is identified
with V', we have

h(v*) = K™ (v") = Sgg{v* (v*,v)v — h™(v)} for each v* € V™,

so that
G(o) = g(o) + h(Ao)

= g(0) 4 sup{v+ (Ao, v)v — h*(v)} = sup L(o, v) for each o € L.
veV veV

Hence

inf G(o) = inf sup £(o,v).
OO = R Hoy)

As is classical in duality theory (see, e.g., Chapter 6 in Ekeland & Temam
[20]), the replacement of the minimization problem (P) by an inf-sup problem,
such as either one found in Theorem 2, is the basis for defining a dual problem
of the minimization problem (P), as the corresponding sup-inf problem. In
our case, this means that the dual problem corresponding to the first inf-sup
problem found in Theorem 2 is defined as:
sup G™(e), where G*(e) := irelfz{z* (e,0)s — h(Ao)} — g*(e) for each e € B, (P*)
ecX* o
while the dual problem corresponding to the second sup-inf problem is defined
as:
sup G* (v), where G*(v) := ireng{g(a) + v+ (Ao, v)v} — h*(v) for cach v € V. (P¥)
veV g
A key issue (see ibid.) then consists in deciding whether the infimum
found in problem (P) is equal to the supremum found in either one of its
dual problems, i.e., for instance in the case of the first dual problem (to fix
ideas), whether
inf G(o) = sup G™(e),

oeX eExn*
or equivalently, whether
inf sup L(o,e) = sup inf L(o,e).
UGEGEXIJ)* (@,¢) eeXl:O* oex (@,¢)
If this is the case, the next issue consists in deciding whether the Lagrangian
L possesses a saddle-point (7,€) € ¥ x X%, i.e., that satisfies
inf sup L(o,e) = inf L(o,€) = L(7,€) = sup L(F,e) = sup inf L(o,e).
inf sup £(o,) = inf £(0,7) = £(7.9) = sup £(7.e) = sup inf L(o.c)
This is precisely the type of questions that will be addressed in this paper,
the point of departure (P) being a classical quadratic minimization problem
arising in three-dimensional linearized elasticity.



3 Some functional analytic preliminaries

Latin indices vary in the set {1,2, 3}, save when they are used for indexing
sequences, and the summation convention with respect to repeated indices is
systematically used in conjunction with this rule.

In what follows, Q is a domain in R3, i.e., a bounded, connected, open
subset of R® whose boundary, denoted T, is Lipschitz-continuous, the set Q
being locally on a single side of I (see, e.g., Adams [1] or Necas [28]), and =
(z;) designates a generic point in . Partial derivative operators of the first,
second, and third order are then denoted 9; := 9/9x;, 0;; = az/amiaxj, and
Oijk = 93 /0x;0x;0x. The same symbols also designate partial derivatives
in the sense of distributions.

The notation D(£2) denotes the space of functions that are infinitely dif-
ferentiable in 2 and have compact supports in Q. The notation D’'(2) denotes
the space of distributions defined over Q. The notations H*(Q), H} (Q), H/*(T")
and H™Y/2(T) := (H'/?(I'))* designate the usual Sobolev spaces. The trace
operator from H'(Q) onto H'/*(T") is denoted tr.

Spaces of functions, vector fields in R®, and 3 x 3 matrix fields, defined
over 2 are respectively denoted by italic capitals, boldface Roman capitals,
and special Roman capitals. The space of all symmetric matrices of order 3
is denoted S3. The subscript s appended to a special Roman capital denotes
a space of symmetric matrix fields. Combining the above rules, we shall thus
encounter spaces such as D(Q), D'(Q), D'(R2), L2(Q), H'/2(I), etc.

The notation (v); designates the i-th component of a vector v € R® and
the notation v = (v;) means that v; = (v);. The notation (A);; designates
the element at the i-th row and j-th column of a square matrix A of order
three and the notation A = (a;;) means that a;; = (A);;. The inner-product
of a € R? and b € R? is denoted a - b. The notation s : ¢ := sijti; designates
the matrix inner-product of two matrices s := (s;;) and t := (t;;) of order
three.

The inner product in the space L2(f) is given by

(o,7) € L2(Q) x L2(Q) — /QO’ : Tdx,

so that the corresponding norm is given by

1/2
lollz @) = (/ o: a'dac) for any o € L2(Q).
° Q

The space L2(Q) will be identified with its dual space; hence the correspond-
ing duality bracket will be identified with the inner product of L2(Q).
The norm in the space H'(Q) is given by

3 1/2
o= (v5) € H'(Q) > [0l g1y = (Z nvinip(m) .
=1

For notational conciseness, the duality bracket between the space H 1/2 (T)
and its dual space will be denoted

()= H*1/2(r)<': '>H1/2(r)-



Note in this respect that, if F € L*(T), then
(F,trv)r = / F . vdl for any v € H'(Q).
r

The matriz gradient operator V : D’'(Q) — D'(Q) is defined by
(Vv)i; := 0;v; for any v = (v;) € D'(Q).

For any vector field v = (v;) € D’(Q), the associated linearized strain

tensor is the symmetric matrix field Vv € D,(Q) defined by
1
Vv = i(VvT + Vo),
or equivalently, by
1
(Vsv)i; = 5(0iv; + 9jvi).
The vector divergence operator div : D'(2) — D’(Q) is defined by
(div p); := 9;pi; for any p = (i) € D'(Q).

We now recall some functional analytic preliminaries, due to Geymonat
& Suquet [24] and Geymonat & Krasucki [22, 23], which are the “matrix
analogs” of results of Girault & Raviart [25] for spaces of vector fields. Given
a domain Q in R3, define the space

H,(div; Q) := {u € L2(Q); divu € L*(Q)}

(in this definition div p is of course to be understood in the sense of distri-
butions). Equipped with the norm defined by

. 1/2 .
el avien = (IellP2g0) + 1 div pllfae))  for all p € H,(div; Q),

the space H(div;Q) is a Hilbert space. Let v : T — R? denote the unit
outer normal vector field along the boundary I' of Q (such a field is defined
dI-everywhere since I' is Lipschitz-continuous). The set Q being a domain,
the density of the space C2°(Q2) in the space H(div;{) then implies that
the mapping u € C°(Q) — pv|r can be extended to a continuous linear
mapping from the space H,(div;{?) into Hil/z(F), which for convenience
will be simply denoted

p € Hy(div; Q) — pr € H/2(D).

Theorem 3. The Green formula

/M:stdx—l—/(divu)-vdm: (pv, trv)r
Q Q

holds for all p € Hs(div; Q) and all v € H'(Q).

The following extension of the classical Donati theorem (for a brief history
of this result, see Section 7 in [15]) plays an essential role in the sequel. The
case where I'y = @ (which is thus excluded here) is considered in Refs. [3]
and [15].



Theorem 4. Let Q be a domain in RS, let T'o and I'1 be two relatively open subsets
of T such that

dI'-measT'g > 0, F:foufl, and I'oNIy =9,
and let there be given a matriz field e € L2(Q). Then there exists a vector field
veV :={vecH (Q);trv=0onTy}

such that e = Vv if and only if
/e:p,daszoforallp,el\/[[7
Q

where the space M is defined as
M := {p € LZ(Q);divp =0 in H™'(Q), (uv,trv)r =0 for all v € V'}.

Besides, such a vector field v € V' is uniquely defined.

4 Three different formulations of the displacement-
traction problem of three-dimensional lin-
earized elasticity as a minimization prob-
lem

Let Q be a domain in R® and let I'p and I'1 be two relatively open subsets of
I' := 9N that satisfy

dI'-measT'g > 0, F:foufl, and I'oNI'y =@.

The following assumptions are made in the rest of the paper. The set
Q is the reference configuration of a linearly elastic body, characterized by
its elasticity tensor field A = (A;jke) with components A;jre € L<(Q). It
is assumed as usual that these components satisfy the symmetry relations
Aijre = Ajike = Agei; and that the tensor field A is uniformly positive-
definite almost-everywhere in €2, in the sense that there exists a constant
a > 0 such that

At :t > at : t for almost all z € Q and all matrices t = (t;;) € S°,

where (A(x)t);; := Asjre(z)tre. The body is subjected to applied body forces
with density f € L*(Q) in its interior and to applied surface forces of density
F e L2(P1) on the portion I'; of its boundary. Finally, it is assumed that the
body is subjected to a homogeneous boundary condition of place along I'y.
Then the corresponding displacement-traction problem, or the pure dis-
placement problem if Ty = I, of three-dimensional linearized elasticity clas-
sically takes the form of the minimization problem described in the next
theorem, where the minimizer @ : @ — R? is the unknown displacement field.



Theorem 5 (the classical displacement formulation). There ezxists a unique
vector field
TeV :={ve H(Q);trv=0onTo}

that satisfies

J(v) = in{/ J(v), where J(v) := %/ AV.v:V,vde — L(v) for all v € V,
ve Q

and
L(v) := / f-vdz+ [ F.odl for all v e H' (Q).
Q ry

That this minimization problem has one and only one solution is well
known (see, e.g., Theorem 3.4 in Duvaut & Lions [19]).

In view of describing a second formulation of the same displacement-
traction problem, we first note that, because the elasticity tensor field A =
(Asjke) with components A;j,e € L% () is uniformly positive-definite almost-
everywhere in ), there exists a tensor field B = (B;jke¢) that is the inverse of
A, in the sense that, for almost all x € 2,

s = A(x)t is equivalent to ¢ = B(z)s for all matrices t € S°.

Furthermore, it is easily seen that B;;xe € L°°(€2) and that B is also uniformly
positive-definite almost-everywhere in €2, i.e., there exists a constant 8 > 0
such that

B(z)s : s > (s : s for almost all z € Q and all matrices s € S°.

The tensor field B is called the compliance tensor field.

It is then classical that, like the displacement field, the stress tensor field
& := AV.o € L2(Q) inside the body can be also obtained as the solution of a
minimization problem. To show this, one first uses the Babuska-Brezzi inf-sup
theorem (Babuska [5] and Brezzi [8]) to derive a “mixed” formulation of the
elasticity problem, i.e., where both © € V and & € L2 (Q) are the unknowns;
then, using a standard procedure in optimization theory, one constructs a
dual problem with & = AV, as the sole unknown (Brezzi & Fortin [9]).
The dual problem obtained in this fashion is then a constrained quadratic
minimization problem (the constraints here are the relations dive + f = 0
in L?(Q) and (ov — F,trv)r = 0 for all v € V' that must be satisfied by the
“admissible” stress fields o; cf. Theorem 6).

Theorem 6 (the classical stress formulation). Let the space V' be defined as in
Theorem 5, i.e.,
V:={ve H(Q);trv=0o0n I}

Then there exists a unique tensor field

7 cS:={ocH(div;Q);dive + f = 0 in L*(Q),
(ov — F,trv)r =0 for allv € V},

that satisfies

g(@) = iréfsg(a), where g(o) := %/ Bo : odx for all o € L2(Q).
o Q



Bestides,

T = AV,T in L2(Q),
where the vector field v € V is the unique solution to the minimization problem of
Theorem 5.

An intrinsic approach to the same displacement-traction problem consists
in considering the linearized strain tensor field € := Vv € L2(Q) inside the
body as the primary unknown, instead of the displacement field itself.

Accordingly, one first needs to characterize those 3 x 3 matrix fields e €
L2(Q) that can be written as e = Vv, with v € V. Theorem 4 provides
such a characterization.

Thanks to this theorem, the displacement-traction problem of three-dimensional
elasticity can then be recast as yet anotherconstrained quadratic minimization
problem, with € = Vo € L2(Q) as the unknown.

Theorem 7 (the strain formulation, a.k.a. the intrinsic approach). Let the
space M be defined as in Theorem 4, i.e.,

M := {p € LZ(Q);divp = 0 in H ' (Q); (uv, trv)r = 0 for all v € V'}.

Define the Hilbert space
M* :={ee ]L?(Q),/ e: pdz =0 for all p € M},
Q

and, for each e € M™*, let F(e) denote the unique element in the space V' that satisfies
VsF(e) = e (Theorem 4). Then the mapping F : M~ — V defined in this fashion is
an isomorphism between the Hilbert spaces M+ and V.

The minimization problem: Find € € M* such that

j(©) = inf j(e), where j(e) = %/Q Ae: eds — L(F(e)),

has one and only one solution €. Besides,
€= V.1,

where the vector field v € V is the unique solution to the minimization problem of
Theorem 5.

Remark 1. A proof similar to that of the corollary to Theorem 4.1 in P.G. Cliarlet
and P., Ciarlet, Jr., [12] shows that the Korn inequality in the space V' can then be
recovered as a simple corollary to Theorem 7, which thus provides an entirely new proof
of this classical inequality.

5 The classical stress formulation of the
displacement-traction problem as a point
of departure

The minimization problem found in the classical stress formulation described

in Theorem 6 constitutes our point of departure for constructing dual prob-
lems, by means of the approach described in Section 2. Accordingly, our

10



first task consists in verifying that this formulation can be indeed recast in
the abstract framework of Theorem 2. Note in this respect that the spaces
denoted L2(€), identified here with its dual space, V, and V*, in the next
theorem play the réle of the spaces respectively denoted X, 3*,V, and V* in
Theorem 2.

Theorem 8. Let the space V' and the linear form L € V* be defined as in Theorem
5, let the mapping A : o € L2(Q) — Ao € V* be defined by

v+(Ao,v)y = / o:VvdrforallveV,
Q

and finally, let the functions g : L2(Q) = R and h : V* — R U {400} be respectively
defined by

o cLi(Q) = glo) = %/ Bo : odx,
Q
v eV 5 h():=0ifv" =L or h(v"):=+o0ifv" # L.

Then A € L(L2(R); V*) and the functions g and h are both proper, convex, and lower
semi-continuous.
Define the function G : L2(2) — R U {+oo} by

G(o) := g(o) + h(Ao) for all o € L2(Q).
Then
h(Ao) = Is(o) for all o € L2(1),
where the set S is defined as in Theorem 6, and the minimization problem of Theorem
6, viz.,
H9)
is the same as the minimization problem

inf G(o). (P)

O'GIL%(Q)

Proof. Given any o € L2(€), the linear functional

Aa:vGV%Aa(v)::/o’:VSvdxeR
Q

is clearly continuous; hence Ao € V*. Besides, the mapping A : LZ(Q) — V* defined
in this fashion is continuous since

| [0 Vevdz|

ol <llollziq foraloe L2(Q).

[Acly,. = sup
veV

Therefore the mapping A : o € L2(Q) — Ao € V*, which is clearly linear, is continu-
ous.

The function g : L2(Q) — R is convex since the compliance tensor B is uniformly
positive-definite almost-everywhere in 2, and lower semi-continuous since g is contin-
uous for the norm ||'||]L§(Q>.

11



The function h : V* — R U {+oo} is the indicator function of the subset {L}
of V*. Hence it is proper, convex because {L} is a convex subset of V*, and lower
semi-continuous because {L} is a closed subset of V*.

Clearly, solving the minimization problem

7o)

of Theorem 6 is the same as solving the minimization problem

inf I .
Lt (o() + Is(@)
To prove the last assertion in the theorem therefore amounts to proving that G(o) =
g(o) + Is(o) for all o € L2(Q), i.e., that

h(Ao) = Is(o) for all o € L2(Q).

Assume that o € S. Then the Green formula of Theorem 3, and the definition of
the set S together imply that

v+ (Ao, v)y :/

o:Vsvder = f/(divo') -vdz + (ov,trv)r
Q Q

= / f-vdx + (F,trv)r = L(v) for allv € V.
Q

Therefore h(Ao) = h(L) = 0, by definition of the function h.

Conversely, assume that o € 1L2(Q) is such that h(Ag) = 0; hence Ao = L, again
by definition of h. Consequently, the same Green formula and the definition of the
mapping A together imply that

V*(AO’,U)\/:/f-'vdx—i—(F,trv)r:/a:VSvda:
Q Q
= —/(diva) -vdz + (ov,trv)r for all v € V.
Q

Letting the functions v vary in the subspace D(Q) of V first shows that —dive =
f € L*(Q); hence we are left with (ov — F,trv) = 0 for all v € V. Consequently,
ocS.

We have thus shown that, given o € L2(Q), h(Ag) = 0 if and only if & € S.
Therefore h(Aa) = Is(o) for all & € L2(Q), and the proof is complete. O

In view of identifying the dual problems of the minimization problem (P)
of Theorem 8, it remains to identify the Legendre-Fenchel transforms (Section
2) of the functions h and g introduced in this theorem. Although the next
result is known (see, e.g., I. Ekeland and R. Temam, [20]), we nevertheless
include its proof for completeness.

Theorem 9. Let the functions g : L2(Q) = R and h: V* — RU{+0c0} be respectively
defined by

o cLi(Q) — g(o): %/Ba:adw
Q

v eV 5 h():=0ifv" =L or h(v"):=4oc0ifv" # L.
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Then their Legendre-Fenchel transforms g* : L2(Q) — R and h* : V — R are respec-
tively given by

g (e) = %/gAe :edz for all e € ILi(Q),

>
*
—
<
=
Il

/f-vda:+/F~vdF=L(’v) forallve V.
Q Q

Proof. By definition, for each e € L2(Q) = (L2(Q2))*.
g"(e):= sup {/e:adxfg(a)}
oel2(Q) Q
1
‘= sup {/e:adm—f/BU:odx}
serz@) LJa 2 Ja
. 1 1 _
= — inf {f/Bo':adx—/e:a'dx}:f/e:adx,
crE]Lg(Q) 2 Q Q 2 Q

where & € L2(Q) satisfies

/Bﬁzadxz/e:a’dx for all o € L2(9).
Q Q

1
Therefore B& = e, or equivalently @ = Ae. This shows that g*(e) = 3 Jo Ae : edz,

as announced.
Likewise, for each v € V** = V™,

h*(v):= sup {v+(v",v)v —h(v")}.

v*eV*

But the definition of the function h implies that v={(v*,v)v — h(v*) = —oo unless
v* = L. Therefore the supremum is attained for v* = L, which means that

h*(v) = v+(L,v)v = L(v).

6 A first dual problem to the stress formu-
lation

Following the approach described in Section 2, we now identify the first dual
formulation (P*) to the stress formulation of the displacement-traction prob-
lem, formulated for this purpose in the form of the equivalent minimization
problem (P) described in Theorem 8. In so doing, we also show that the
mfimum found in (P) is equal to the supremum found in (P*).

Theorem 10. Consider the minimization problem

inf G(o),
oel2(Q)

where
G(o) := g(o) + h(Ao) for each o € L2(Q),

13



the functions g : L2(Q) — R and h : V* — R U {+oo} and the operator A €
L(L2(Q); V*) being defined as in Theorem 8. Let

G*(e):= inf / e:odr+h(Ao) b —g*(e) for each e € L2(Q),
ocl2() ( Jo

where g% : L2(Q) — R is the Legendre-Fenchel transform of the function g, and let

wp G (),
ecl2(Q)

be the corresponding dual problem. Let the space ML and the functional j : Mt — R
be defined as in Theorem 7.
Then the dual problem (P*) can be also written as

sup G"(e) = — inf j(e).

L
ecl2(Q) ecM

Besides,
Ge)= inf G(o)= sup G*(e)=G"(e),
(o) sy (o) eeLgI()m (e) (e)

where @ € S C L%(Q) and € € M+ C 1L2(Q) are the solutions of the minimization

problems of Theorems 6 and 7.

Proof. We showed in Theorem 8 that h(Ao) = Is(o) for all o € L2(Q) and we showed
1

in Theorem 9 that ¢g*(e) = 5 Jo Ae : edx for all e € L2(Q). Consequently,

G'(e) = inf {/Qe:a'dx—kh(/\a)}—g*(e)

oel2(Q)

= inf {/ e: o'd;z:} — 1/ Ae : edz for each e € L2(Q).
oesS Q 2 Q

Let an element o € S be chosen and kept fixed in what follows. Then any element
o € S can be written as o = o + p with p € M, so that

pEM

G"(e) = inf /eiﬂdl’}%-/e:&d:c—l/Ae:edx for each e € L2(Q).
Q Q 2 Ja

Since infem{ [, e : pdz} = —oo unless e € M*, in which case [, e : pdz = 0 for all
p € M, it is clear that
sup G*(e) = sup G*(e).
ecl2(Q) ecML
For each e € M™, there exists a unique element F(e) € V such that e = V F(e)
(Theorem 4). Using the Green formula of Theorem 3, we can therefore re-write the
inner product [, e: & dz as

/Qe:&dm:/ﬂvs}'(e)-ﬁ'dx
:/Qf-}'(e)dx—l— F-F(e)dl' = L(F(e)).

Iy
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Consequently,

sup G*(e) = sup {—%/ﬂAe:edx—&-L(.’F(e))}

ecl2(Q) ecM-L
= sup {—j(e)} = — inf j(e),
ecM-L ecML

as announced. Finally

aeﬁﬁQ)G(a) = ;Iéfs{%/QBo : o'dx} = %/QBE:Ed:c =G(o)
- —%/ AV.T: V.ode + L(®) = —j(V.0) = —j(@)
Q

=— inf j(e)= sup G'(e)=G"(€) = sup G*(e),
e€M-t eeM-+ ecL2(Q)

and the proof is complete.

Theorem 10 thus shows that the dual problem (P*) of the stress formu-
lation of the displacement-traction problem of linearized elasticity is, up to a
change of sign, the strain formulation of the same problem (Theorem 7).

In addition, we give a positive answer to the last question raised in Section
2, by showing that the Lagrangian associated to (P*) has a saddle-point. The
notations and definitions used in the next theorem are those of Theorem 10.

Theorem 11. Define the Lagrangian
L£:L2(Q) x L2(Q) - R U {400}

by
L(o,e):= / e:odr— g (e) + h(Ao) for all (o, e) € LE(Q) x L2(Q).
Then !
aeinflgf(m eesﬂé?ﬂ) L(o,e)=L(F,€) = ees]]}lgr()ﬂ) aeiﬂflgf(n) L(o,e).
Proof. In view of Theorem 10, it suffices to prove that

G(@) =L(7,e),

where (recall that & € S)

and
L(o,e) = /QE codz — g*(e) + h(AoT).

Hence the conclusion follows since, by Theorem 9,

g (e) = 1/ Ae :edx = 1/E:de,
2 Ja 2 Ja
and, by Theorem 8, h(A&) = 0 because & € S.
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7 A second dual problem to the stress for-
mulation

We now identify the second dual formulation (P*) to the stress formulation of
the displacement problem, again formulated as the problem (P) of Theorem
8. In so doing, we also show that the infimum found in (P) is equal to the
supremum found in (P*).

Theorem 12. Consider the minimization problem

inf G(o),

oel2(Q)

where the function G : L2(Q) — RU {400} is defined as in Theorem 8. Let

G*(v):= inf {%/ Bo :odz + v~ (Amv)v} — h*(v) for each v € V,
Q

a'E]L%(S‘l)
where h* : V' — R is the Legendre-Fenchel transform of the function h, and let

sup é*(v) (P)
veV

be the corresponding dual problem.
Let the functional J : V' — R be defined as in Theorem 4.1. Then the dual problem

(P*) can be also written as

sup G*(v) = — inf J(v).

vEV veV

Bestides, _
G(@)= inf G(o) = sup G*(v) =G (-v),
@)= o 0@ =T =)
where @ € S C L2(Q) and © € V are the solutions of the minimization problems of
Theorems 6 and 5.

Proof. By definition (Theorem 8), v+ (Ao, v)y = [, o : Vivda for all o € L3(Q2) and
all v € V; besides, h*(v) = L(v) for all v € V' (Theorem 9). Consequently,

G*(v)= inf {1/ Bo : Ud$+/ o Vs'vdx} — L(v) for each v € V.
oel2(2) |2 Jq Q

But

inf {1/ Bo : Udz+/ o Vs'vdx} = —1/ AV v : V,vdz,
cer2@) | 2 Jq Q 2 Jo

so that 1
G (v) = —5/ AV,v: Vyvdx — L(v) for each v € V.
Q

Noting that V' is a vector space, we thus have

sup G*(v) = sup G*(—v) = — inf J(v),
vEV veEV veV
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as announced. Finally,

aei]%fm)G(a) = ;Iéfs{% /Q Bo : de} = %/QBE :odz = G(o)

:—%/AV@fmmh+um:ﬂ@:é%43
Q
=—£$wa:$ga(m,

and the proof is complete.

Theorem 12 thus shows that the dual problem (P*) to the stress formu-
lation of the displacement-traction problem of linearized elasticity is, up to a
change of sign, the displacement formulation of the same problem (Theorem
5).

To conclude this analysis, we show that the Lagrangian associated to (ﬁ*)
has a saddle-point (like the Lagrangian associated to (P*); cf. Theorem 11).
The notations and definitions are those of Theorem 12.

Theorem 13. Define the Lagrangian
L:L2Q)xV =R

L(o,v) = %/QBO‘ codz+ v« (Ao, v)v — h*(v) for all (o,v) € L2(Q) x V.

inf su :EO','U ZZE,W = su inf Ea’,v.
aemg(sz)uee ( ) ( ) vegaemg(sz) ( )

Proof. In view of Theorem 12, it suffices to prove that
G(@) = L(7.v),

where

(see the proof of Theorem 11), and

L(F,v) = %/QBF codr+ v+ (AT, D)y — b (D).

Hence the conclusion follows since, by Theorem 8,

v+ (AT, T)v :/

o:V.,odx = / AV.,v : V,vdz = L(0),
Q Q

and, by Theorem 9, h* () = L(D).
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8 Concluding remarks

The strain formulation of, a.k.a. the intrinsic approach to, the displacement-
traction problem described in Theorem 7 was derived a priori in [15], as a
way to re-formulate this problem as a quadratic minimization problem with
the strain tensor field as the sole unknown. One main conclusion to be drawn
from the present analysis is thus that this strain formulation may be also
viewed as a Legendre-Fenchel dual problem to the classical stress formulation
(Theorem 10). This constitutes the main novelty of this paper.

Another novelty is that the classical displacement formulation can be also
viewed as a Legendre-Fenchel dual problem to the same classical stress for-
mulation (Theorem 12).

For the pure traction problem (not considered here), i.e., when I'g = &,
another strain formulation is possible. More specifically, Ciarlet & Ciarlet,
Jr. [12] have established the following Saint Venant theorem in 1L2(Q): Let Q
be a simply-connected domain in R® and let e € L2 (Q2) be a matriz field that
satisfies the Saint Venant compatibility conditions

Rijie(e) := Oejeir, + Opieje — Quieji — Opjew = 0 in H 2(Q).

Then there exists a vector field v € H'(Q) such that e = Vsv in L2(Q).
Further extensions, to Sobolev spaces of weaker regularity, have since then
been given, in C. Amrouche, P.G. Ciarlet, and P. Ciarlet, Jr., [2] and C.
Amrouche, P.G. Ciarlet, L. Gratie and S. Kesavan, [3].

Furthermore, it was subsequently shown, in Ciarlet & Ciarlet, Jr. [13],
that the above Saint-Venant compatibility conditions can be ezactly satisfied
in an ad hoc finite element subspace of L2(Q) that uses edge finite elements
in the sense of Nédélec [29, 30|, thus yielding an efficient way to directly
approximate the strain tensor field € or equivalently the stress tensor field
o through the constitutive equation & = Ae. Indeed, the first numerical
simulations are very encouraging; cf. Ciarlet, Ciarlet, Jr. & Vicard [16].

Be that as it may, the latter approach suffers from two shortcomings.
First, the domain €2 must be simply-connected; second, this approach does
not seem so far to be amenable to treat displacement-traction, or even pure
displacement, problems. By contrast, the Donati-like strain approach con-
sidered here does not suffer from such shortcomings.

It is therefore remarkable that a totally different approach, based on
Legendre-Fenchel duality, leads to the same conclusion, namely that the
Donati-like approach is more natural, and more efficient, than the Saint-
Venant-like approach for constructing a strain formulation of the displacement-
traction problem of three-dimensional linearized elasticity.
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