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We study the equilibrium problem for bodies made of a no-tension material,
subjected to distributed or concentrated loads on their boundary. Admissible
and equilibrated stress fields are interpreted as tensor-valued measures with dis-
tributional divergence represented by a vector-valued measure, as outlined in
two 2005 papers by Lucchesi et al. Such stress fields are generalizations of
ordinary functions, which allows us to consider stress concentrations on surfaces
and lines. The general framework for this approach is presented first and then
illustrated on examples of two-dimensional panels under different loads. In the
general framework we determine weak divergences and the surface tractions of
several stress field measures via the (surface) divergence theorem. Combinations
of these stress fields are shown to give the solutions for the panels, which we
assume to be clamped at the bottom, and subjected to various loads on the top
and possibly on the sides of the panel. The shapes of the singular lines and
stresses are explicitly determined in these cases.

1. Introduction

In studying the equilibrium problem of bodies made of a no-tension (or masonry-
like) material [Del Piero 1989; Di Pasquale 1984], it is very hard to find an explicit
solution of the corresponding boundary value problem [Lucchesi and Zani 2003a].
Therefore, in applications we often limit ourselves to looking for stress fields that
are equilibrated with the applied loads and compatible with the incapability of the
material to withstand traction. These admissible equilibrium stress fields can be
used in the context of limit analysis [Del Piero 1998] to determine the collapse load,
or at least some of its lower bounds. The solution to this problem is considerably
simplified by allowing the stress to be singular in some regions of the body. In [Luc-
chesi and Zani 2002; 2003b], solutions for two-dimensional panels are examined
which are regular except on a finite number of singularity curves where the stress
field is unbounded. The method of solving the equilibrium equations is based on
the fact that if horizontal and vertical loads are distributed only on the panel’s top
and the stress determinant is null, the equilibrium equations constitute a system of
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conservation laws, formally identical to the nonlinear system ruling the dynamics
of the one-dimensional isentropic flow of a pressureless compressible gas. Under
appropriate hypotheses, this system is equivalent to a single scalar conservation law
[Brenier and Grenier 1998; Bouchut and James 1999]. Then the singularity curves
are determined by means of the Rankine—Hugoniot jump condition corresponding
to this scalar equation. This method is not directly applicable if distributed loads
are present on the lateral sides of the panel or if the determinant of the stress does
not vanish.

Following [Lucchesi et al. 2004; 2005a], the present paper uses tensor-valued
measures to describe the stress fields in no-tension bodies. On the common range
of applicability, the language of measures is essentially equivalent to the method
of the conservation law mentioned above. However, the approach via measures
is conceptually more direct in accounting for the singularities of the stress field
and in the way the balance of forces is taken into account. The former means that
we consider generally measures that are not absolutely continuous with respect to
the Lebesgue measure (= volume); the latter means that the balance of forces is
interpreted in the weak sense. This in turn means that the distributional divergence
of the stress measure is equal to the body force in the interior of the body, and that
the boundary trace of the measure equals the external boundary loads, given by a
prescribed measure.

Using the divergence theorem, we first calculate the weak divergence and the
trace of some elementary stress fields:

(i) those distributed over volumes or concentrated on surfaces and lines, and

(i1) stress fields given by some specific expression (see Equation (3-8)) that is
encountered in some solutions for panels given below.

The stress fields encountered in the applications to panels are linear combinations
of the elementary stress fields in items (i) and (ii) of Proposition 1. We then con-
sider briefly the general balance equation, and show, among other things, that for
the stress field consisting of the bulk stress and of the stress concentrated on a
surface, one obtains the classical form of the balance equations.

The rest of the paper illustrates the general notions on the rectangular panels
made of a no-tension material. We assume that the panel is free from body forces,
clamped at its bottom and subjected to loads prescribed on the boundary; appli-
cations to three-dimensional bodies under gravity will be treated in a future work.
The stress field in our solutions is plane and negative semidefinite and characterized
by the presence of one or more curves of concentrated stress. This feature, which
is allowed by supposing the material to have infinite compressive strength, seems
to be paradoxical at first sight. On the other hand, this simplifying hypothesis is
frequently used in the study of masonry structures, at least when the collapse is
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believed to take place for small values of the compressive stress [Heyman 1966].
Moreover, these singular equilibrated stress fields look like a formalization of the
rough idea that a masonry building is ‘safe’ if its interior contains an equilibrated
(and compressed) structure, an idea that was probably already in the mind of
Leonardo da Vinci [Benvenuto 1991].

Even though the present paper makes no mention of the displacement fields, our
use of measures to describe the stresses raises the question of the appropriate dual-
ity between the stresses and strains. We are especially interested in the expression

T-e(u) (1-1)

for the virtual work of the stress field T against the virtual displacement u with the
small strain tensor € (u) = %(Vu +Vu'). Generally, the ‘wilder’ T is, the smoother
u must be, and vice versa. The issues are well understood in Hencky’s plasticity,
where u is generally a vector field with bounded deformation. The papers [Témam
and Strang 1980; 1980; Anzellotti 1983] and [Kohn and Témam 1983] provide a va-
riety of results pertaining to that case. Roughly, T must be a Lebesgue measurable
function with divergence measure and with some natural integrability properties.
Thus no concentrations in T are allowed. Our situation is the opposite: the stress
has concentrations and the strain must be ‘tamer.” The results of Whitney’s theory
of flat chains [Whitney 1957; Federer 1969] apply here (see [Silhavy 2005¢]). For
symmetric tensor-valued stress measures T with divergence measure, the expres-
sion in Equation (1-1) is a well defined measure provided the displacement u is
Lipschitz continuous (for stress measures with additional properties the class of
displacements may be wider). The result is not immediate because € (z) may be
undefined on the surface of concentration of T; a substantial use has been made of
the fact that the divergence of T is a measure. We will return to these issues in a
separate paper.

2. Vector-valued measures

This section introduces measures with values in a finite-dimensional inner product
space V. Such measures can be identified with an m-tuple of (scalar-valued) signed
measures where m := dim V is the dimension of V. We refer to [Rudin 1974,
Chapters 1 and 6] for the details of scalar-valued signed measures. The notation
in Equations (2-2) and (2-3), below, will be used systematically throughout the
paper.

Throughout the paper, Lin denotes the space of all linear transformations from
R" into R" with the scalar product A - B = tr(AB"), A, B € Lin, and Sym is
a subspace of Lin consisting of all symmetric transformations. We interpret Lin
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as the space of all second order tensors, and use vector and tensor notations and
conventions from [Gurtin 1981] and [§ilhav3’/ 1997].

If V is a finite-dimensional real inner product space then a function g, defined
on the system of all Borel subsets of R”, is said to be a V-valued measure on R”"

if
p(UJa) = na, @-1)
i=1 i=1

for every pairwise disjoint sequence A; of Borel sets. We recall that the system
of all Borel sets is the smallest o algebra of subsets of R” that contains all open
subsets of R"”. The application of Equation (2—-1) to the sequence A; =9,i=1, ...,
gives u(@) = 0. If U C R” is a Borel set, we say that a V-valued measure u is
supported on U if w(B) = 0 for every Borel set B C R"” such that U N B = &. We
denote by (U, V) the set of all V-valued measures supported on U. We call the
elements of M (U, R) signed measures on U and the elements of M (U, Lin) tensor
measures. In the special case V = R™ one has

R(A) = (' (A), ..., " (A)),

for each Borel set A C R” where ', 1 <i < m, are signed measures. A similar
reduction of p applies to any V equipped with a basis.

If p is a V-valued measure, we say that a Borel set A C R” is a u null set if
1 (B) =0 for each Borel set B C A. We say that a map f is defined as p almost
everywhere (a.e.) on a set M if the set of all x € M for which f(x) is not defined
forms a w null set. Similarly, we say that a given property holds a.e. on M if the
set of all x for which the property is violated forms a g null set.

If « : U — V is a bounded Borel function and v € M(U, V), then

/a-dv
U

is a well defined number. If a € U, we denote by §, € M(U, R) the Dirac measure

at a, defined by
P 1 if aeB,
“PD7V0 if a¢B,

for any Borel set B C R", and note that if f : U — R is a (bounded) Borel function
then

fodaazﬂa).

We denote by &£" the Lebesgue measure in R” [Federer 1969, Subsection 2.6.5]
and if & is an integer, 0 < k < n, we denote by #* the k-dimensional Hausdorff
measure in R” [Federer 1969, Subsections 2.10.2-2.10.6]; recall that #" = £". If
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A is a Borel set, we denote by #* |_ A the restriction of #* to A, which is the
measure defined by
(#* L A)(B) = #*(AN B), (2-2)

for each Borel set B C R*. If A C U is a Borel set and f is a V-valued Borel map
defined a.e. on A, integrable with respect to %* on A, then f%* L A denotes the
V-valued measure on R" defined by

(fH*F L A)B) = f d¥-, (2-3)
ANB

for each Borel set B C R". The definitions (2-2) and (2-3) also apply to k = n,
that is, to £" = #", resultingin £" L A and f&¥" L A. Ife: A — V is a bounded
Borel function then

/a-d(f%kl_A):/oc-fd%k.
A A

The construction (2-3) will be used to introduce stresses concentrated on sur-
faces. In that case A = & is a k-dimensional surface with boundary (see the Appen-
dix for the summary of differential-geometric notions), f = T is a #* integrable
map on ¥ with values in Lin and

T, =T, %L (2-4)

is a stress field concentrated on &. Similarly, if A = U is an open subset of R" and
T, is an &" integrable map on U with values in Lin then

T, =T%"LU (2-5)

is a distributed stress field on U. Only combinations of measures of type (2—4) and
(2-5) are of real use in Sections 5-7. The corresponding equilibrium equations are
considered in Sections 3 and 4.

3. Divergence measure tensor fields

If V is a finite-dimensional real inner product space and if U is an open subset of
R", we denote by C3°(U, V) the set of all infinitely differentiable functions

a:R'"—>V
whose support spte is contained in U. We say that a tensor-valued measure
T € M(U, Lin)
is a divergence measure tensor field if there exists a measure

div T e (U, R"),
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called the divergence of T, such that
/Vv-dT:—/v'ddivT, 3-1)
U U

for each v € Cj°(U, R"). We note that vector-valued measures with divergence
measure have been introduced in [Chen and Frid 2001; 2003]; vector or tensor-
valued functions with divergence measure have been considered in [Anzellotti
1983; Kohn and Témam 1983; Chen and Frid 1999; Degiovanni et al. 1999; Mar-
zocchi and Musesti 2001; Silhavy 2005a; Chen and Torres 2005]. (For the applica-
tion of divergence measure tensor fields to masonry structures, see [Lucchesi et al.
2005a).) A measure T € M (U, Lin) is said to be an equilibrated tensor field if
there exist measures b € M(U, R") and t € M(OU, R") such that

/Vv-dT:/v-db—i—/ v- dt, (3-2)
U U U

for each v € C3°(R", R") [Podio-Guidugli 2005; Silhavy 2005a; 2005b; 2005c¢].
Here dU denotes the topological boundary of U. Since the measures b and t are
supported on the disjoint sets U and dU, respectively, they are uniquely determined
(provided they exist). We call the pair (b, t) the load corresponding to T and the
measure t the normal trace of T; we use the notation N(T) := t for the normal
trace. Equation (3-2) then reads

va-dT:—fv-ddivT—l—f v- dN(T), (3-3)
U U U

for each v € C°(R", R"). Clearly, any equilibrated tensor field T is a divergence
measure tensor field, and if (b, t) is the load, then divT = —b. There are divergence
measure tensor fields that are not equilibrated [Silhavy 2005b, Chapter 9; Silhavy
2005¢, Example 9.1], that is, for which the measure t does not exist.

The integration by parts shows that if T : U — Lin is a continuously differ-
entiable tensor field with integrable gradient on an open set U C R", then the
tensor-valued measure

T=T%"LU

is a divergence measure tensor field and
divT=divT¥" L U.

Here div is the classical divergence given by the usual differential expression; a
particular case of the surface divergence introduced in the Appendix, while div
denotes the divergence as a measure, defined above. The reader is also referred to
the Appendix for the differential-geometric concepts employed in the subsequent
discussion. If, additionally, U is an open region with Lipschitz boundary, and T
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has a continuous extension to the closure cl U of U, again denoted by T, that is
%"~ ! integrable on dU, then the divergence theorem shows that T is an equilibrated
tensor field and
NM=Tm%" 'L aU,

where m is the outer normal to U. This justifies the term ‘normal trace’ for N(T).

The following proposition generalizes the above considerations to singular ten-
sor fields concentrated on k-dimensional surfaces, 1 <k <n. If T : ¥ — Lin
is a tensor field on a k-dimensional surface ¥ with boundary, we say that T is
superficial [Gurtin 2000, p. 94] if T (x)v = 0 for every x € S and every v € R”
perpendicular to T, (¥). This is equivalent to each of the following two statements:

(a) To($)* Cker T (x) for every x € S;
(b) ran T 7 (x) C Tx(9).
Here ker and ran denote the kernel and range of a linear transformation.

Proposition 1. Let U be an open subset of R", let k > 1 be an integer, let ¥ be a
compact orientable k-dimensional surface with boundary such that int¥ C U, let
T : ¥ — Lin be a continuous map with a continuous and ¥* integrable derivative
in int¥, and put

T:=T¥'LY.

Then

(1) T is equilibrated < T is a divergence measure tensor field < T is superficial;

(1) if T is superficial then
divT =divT# L (PNU)—TmH'L 0FNU) (3-4)

and
N(T)=Tm A (@FNal), (3-5)

where m is the outer normal to &.

Item (1) says that a measure concentrated on a k-dimensional surface is a diver-
gence measure tensor field only if it is superficial. If this is the case then the
divergence of T consists of the (surface) divergence of T' concentrated on ¥ N U
and of the normal component of T concentrated on d¥ N U while the normal
trace of T is the remaining part of the normal component of T, that is, the part
concentrated on 0¥ N aU. We emphasize that k > 1 is arbitrary. If kK = 1, that is, if
¥ is a curve, then the measure

Tm 'L 0¥NU)
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reduces to
Y T@m@sa,
acdSNU

where the set 3 N U is the set of all endpoints of ¥ in U and m(a) are outward
tangents to & at the endpoints. A similar interpretation applies to the right side of
Equation (3-5). We note that the argument used below to prove Item (i) can also
be applied to show that there are no nontrivial divergence measure tensor fields
concentrated at points, that is, surfaces of dimension O.

Proof. (i1): Assume that T is superficial and prove Equations (3—4) and (3-5). Let
v € C°(R",R"); since T is superficial, T Tv is tangential and thus the surface
divergence theorem 1, the identity (A—7), and the hypothesis int¥ C U give

/ (v-divT—i—T‘Vv)d%k:f Tm-vd¥%.
INU S

Rearranging, we obtain
/ T-Vod¥* =—/ v-div T d%*
$nU

gnU
-1—/ Tm-vd%kl—i-[ Tm-vd%kil;
aPNU ANV

comparing this with Equation (3-3) and invoking the uniqueness of div T and
N(T) we see that Equation (3—4) and Equation (3-5) hold.

(i): We shall prove the cycle of implications: T is equilibrated = T is a di-
vergence measure tensor field = T is superficial = T is equilibrated. The first
of these implications is automatic, as mentioned above, while the last implication
has been proved in (ii). Thus it remains to be proved that if T is a divergence
measure tensor field then 7 is superficial. Let T be a divergence measure tensor
field, let x € ¥ N U and assume first additionally that x ¢ 0. Let Z and @ be
as in Condition (ii) of Subsection A.1, and assume, as we can, that Z C U. Let
A € Ci°(R", R) be such that sptA C Z. Let b R"* and a € R". If € > O then
there exists 7 € C®°(R"%, R) such that

h(0)=0, Vh(©0)=b (3-6)

and |h| < €. Here |- | is the maximum norm; thatis, if M isasetand f: M — V
then
| floo :=sup{| f(x)| : x € M}.
Let v € C;°(U, R") be defined by
_ ar(how) on Z,

V= 3-7
0 on R"\ Z. =7
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Using |h o @|x = |h|eo < € one finds that |v]|o, < |a||A| €. Applying the product
rule to calculate Vv from Equation (3-7), using Equation (3-6), and noting that
how =0 on ¥, one finds that

Vv =

raVe'h on¥NZ,
on ¥\ Z.

Equation (3—1) thus reads

/ WwTTa-bd%k=—/v-ddivT.
INZ U

Denoting by M(u) the total variation of a vector-valued measure u € (U, V),
M(p) = sup{/Uoc- dp:aeC®(U, V), lals < 1},
we note that the inequality |v|c < |@||X|co€ gives
y/U v d div T| < M(div T)la||A|«e,

and hence
|f AVoT a-bd#*| < Mdiv T)|al|A|e.
INZ

As € > 0 is arbitrary, we have
f AVoTTa -bd#‘ =0.
¥nz

As this must hold for any A, @, b subject to the conditions above, we have
VoT =0

on N Z, and since ker Vo (x) = T, (¥), we deduce that ran T (x) C T, (). Thus
the restriction of T' to ¥ N (U \ 9¥) is superficial. Since the closure of the last set
is ¥, the continuity of T implies that T is superficial on . O

A subset C of R” is said to be a cone if rv € C for every r > 0 and v € C. For
each x e R" and r > 0, let B(x, ) denote the open ball in R" of center x and radius
r, and let S"~! denote the unit sphere in R".

Proposition 2. Let U C R" be an open region with Lipschitz boundary containing
the origin, and let C be an open cone such that 0C \ {0} is an (n—1)-dimensional
surface. Let o : c1 C NS"™' — R be a continuous function which is continuously
differentiable in CNS"~!, and let T : (U Ncl C) \ {0} — Lin be given by

T(x)= |x|_”_1a(|i—|)x ®x, xeUnNcC)\{o. (3-8)
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Then T is continuous in (U Ncl C) \ {0} and continuously differentiable in C N U
and we have
divT=0 in CNU. (3-9)

Moreover, if we put
T=TZ%"L (CNU),

then T is an equilibrated tensor field and

div T = ¢y, (3-10)
NT=Tm¥""'L QUNC), (3-11)
where
c:/1 a(e)edi" (e), (3-12)
cnsn-l

and m is the outer normal to U N C.

For n = 2, the stress field T as in Equation (3-8) falls within the class studied
in [Podio-Guidugli 2005, Section 4], from where also (3-9) can be deduced. In
(3-12) we denote by e € C N'S"~! the integration variable. Using the divergence
theorem and (3-9) as in the proof below, one also finds that

c:/ Tmdy" ", (3-13)
cNnoU

Proof. The continuity and differentiability of T follows directly from the assump-
tions on « and (3-9) is a straightforward calculation which we omit. To prove
(3—-10) and (3—11), we denote by B, the closed ball with center 0 and radius r > 0
and consider the set (C \ B,) NU. This is an open set and if » > 0 is small enough
to satisfy B, C U (recall that 0 € U), then

(C\B)NU]=(CNalU)UCNIB)U[(dC\ B,)NUIUT (3-14)
to within a set of %"~ measure 0 where
T:={xec@C\{0})NAU : nyc\j0y(x) =m(x)}, (3-15)

where njc\ (o) 18 the outer normal to C'\ {0} and m is the outer normal to U. Equation
(3—14) can be deduced from the general formula in [Marzocchi and Musesti 2001,
Proposition 2.2]. We note that (C \ B,) N U is an open region with Lipschitz
boundary with the outer normal given by

m(x) ifxeCnNaU,

nx)=1-x/r ifxeCnNoBb, , (3-16)
nyc\joy(x)  ifx € [C\B,)NUJUT,
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to within a change on a %¢"~! null set. Furthermore, we note that
Tnac\{()} =0 on aC \ {0} (3—17)

because x - nyc\ 0y = 0 since C is a cone with vertex 0. If v € Cj°(R", R") is a
vector field, then

/Vv-dT:/Vv-Tdii?”:lim Vv.-TdS$".
U c =0 Jc\B,

Theorem 1 and formula (A-7) yield

f W-Tdsf”:—/ v-dide££”+/ v-Tnd¥" .
C\B, C\B, d[(C\B,)NU]

Combining with Equations (3—14)—(3—16) we obtain

/ Vv-TdiB”:—/ v-divT d$"
C\B, C\B,

X
—/ v(x) - T(x)= dH"'(x)
CNdB, r
+/ v-Tmd¥"~!, (3-18)
cnauU
where we have used
/ V- Tnac\{()} dyn! = 0,
[(3C\B,)NUIUT

which follows from Equation (3—17). A combination of (3—18) with (3-9) provides

/ Vv-dT =—lim v(x) - T(x))—c d¥" ! (x) +/ v-Tmd¥" .
U r=0JcnoB, r folat1ij
(3-19)
Moreover, the continuity of v gives
. X n—1 : X n—1
lim v(x) - T(x)— d#" (x) =v(0) - lim Tx)— d#H" " (x),
=0 Jcnas, r r=0JcnaB, r
(3-20)

provided the limit on the right side exists. On the other hand, we have

/ T~ a9 (x) :/ a(e)e dH"\(e). (3-21)
CNIB, r cnsn—1
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for scaling reasons, because C is a cone. Therefore, in view of Equations (3—19),
(3-20), (3-21) and (3-12),

/Vv-dT:—v(())-c—i—/ v-Tmd¥" .
U CcnNoU

A comparison with Equation (3-2) gives (3—10) and (3-11). O

4. Balance equations

If an equilibrated tensor field T € M (U, Lin) is interpreted as the stress field in a
continuous body under the action of a body force given by a prescribed measure
by € M(U, R") and the boundary traction given by a prescribed measure

to € M(AU, R"),
then the equations of equilibrium read
div T+ by =0, (4-1)

N(T) =to. In particular, if by is absolutely continuous with respect to the Lebesgue
measure (e.g., the gravity), that is,

by =bo¥" L U, 4-2)

where by : U — R" is an £" integrable function, then div T must be absolutely
continuous with respect to &£" as well.

We now illustrate these balance equations on various linear combinations of the
fields described in Propositions 1 and 2. Let U C R” be an open set.

(i) Let K™ and K~ be two regions with Lipschitz boundary contained in cl U,
which are complementary in the sense that the following relations hold:

intKtNintKk~ =2, KTUK =clU, 3dK*NU=KtNK NU.

Let furthermore T* : K* — Lin be continuous maps which have a contin-
uous and ¥" integrable derivative in int K*. Denoting by $ := KT N U
the common interface in U we see that the exterior normals n* to K* satisfy
nt =—n" on $ and we denote this common value by n : $ — S"~!. Denoting
further by T : int K* Uint K~ — Lin the field given by T on int K* and
noting that T is defined £" a.e. on U, we define the measure T by

T=T%"LU.

Applying Proposition 1 to T =T+, ¥ = K*, we see that T*¥" L K* is an
equilibrated tensor field and

div(TTS" L KH) =divTT" L KT —TH T %' L 9,
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N(TEL"L KH =TT*m ¥~ ' L KT NaU),

where m is the outer normal to U. Adding the results, we conclude that T is
an equilibrated tensor field and

divT=divT¥" LU —[Tln¥"" 'L 9,

N(T)=Tm%"~' L 3U,
where div T is the divergence of T on U \ $ and for every x € 4,
[T]1(x):=T"(x) =T (x)

is the jump of T across $. Any map T which arises in the above way is
called a piecewise smooth tensor field. If T is a stress field under the action
of the body force as in Equation (4-2), then the equilibrium equation (4-1) is
equivalent to the following two equations:

divT +by=0inU\9$, [Tln=0o0nJ.

If T, is a piecewise smooth tensor field with the interface $ as in (i) above
and Ty : $ — Lin is a superficial tensor field satisfying the hypothesis of
Proposition 1 (ii) with k =n — 1 and ¥ := %, then the tensor field

T=T2LU+T%#"'LY
is equilibrated and

divT=divT, 2" LU+ (divT, — [T, In)%" ' L 9,

N(M) =T,m%" ' L oU + T, p#" 2 L (U N3.9),
where p is the outer normal to $. With the body force as in Equation (4-2)
the equilibrium equation (4—1) is equivalent to the pair of standard equations
divT, +bg=0inU\ 9%, [T,Jn—divT; =0o0nJ; (4-3)
see, for example, [Gurtin and Murdoch 1975; Podio-Guidugli and Caffarelli
1990; Gurtin 2000].

Let¥;, j=1,..., p, be curves with endpoints such that int¥; C U. Assume
thatint # NintY; = &, 0% NIY; = {a} for all i # j and some a € U, and that
0% NoU # @ for all i. Let the measure T be defined by

p
T:=) T%' L,
j=1
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where T is a superficial tensor field on ¥ which satisfies the hypotheses of
Proposition 1. Then T is an equilibrated tensor field and

p p
div T =Y divT%' L%+ Tj@m;@] b,
=1 =1

P
N =Y Ty@)m;@)]sa,.
j=1
where the points a; are defined by 0F; N0U = {a;} and for any b € 35 the

symbol m;(b) denotes the outer tangent to & at b. If n > 2, the equilibrium
equation (4—1) with bg as in (4-2) reads

p
divlj=0 on¥; forj=1,....p. Y Tj(@m;(a) =0, (4-4)
j=1

while if n =1 then the first equation of (4—4) must be replaced by div T'; +bo =
0.

@iv) Let T, : (U NclC)\ {0} — Lin be a tensor field of the form described in
Proposition 2, let & be a curve with endpoints such that one endpoint is in dU
and another coincides with 0, and let T : ¥ — Lin be a continuous superficial
tensor field that is continuously differentiable in int ¥. Let T be given by

T=T,9"L(CNU)+T, %" L
then T is an equilibrated tensor field and
div T =divT, %' L &+ [c+ T; (0)m(0)]5p,

N(T) =T (@)m(a)s, + T,n %"~ L (CNaU),

where ¢ is given by Equation (3—12), a is defined by dU N 0¥ = {a}, the
symbols m(0), m(a) denote the outer tangents to & at 0, a, respectively, and
n is the outer normal to U. If n > 2, the equilibrium equation (4-1) with by
as in (4-2) can be satisfied only if by = 0 (see (3-9)) and if this is the case, it
is equivalent to the following pair of equations:

divTy, =0, c¢+T;0)m(0)=0.

5. Dimension two

Let U C R? be an open set and ¥ C cl U be a smooth curve, let s be the natural (arc)
parameter of & and let #(s), n(s), and « (s) be the unit tangent, the unit normal, and
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the curvature, respectively. If T : ¥ — Lin is a symmetric tensor field on & then
T is superficial if and only if we have

T;(s) =0(s)t(s) ®(s), (5-D

with o a scalar field on &. Then
d d
divT, = Z(ot) = 2t +«on, (5-2)
ds ds

where the first equality follows from Equation (A-9) by noting that the natural
parameterization of & has unit Jacobian, and the second equality follows from
Frenet’s formula. Alternatively, if we suppose that the curve & is the graph of a
function y = w(x), with x € [xg, x1], that is, ¥ = {(x, w(x)) € U : x € [x0, x1]},
then

divT, = J_I% (%e1 +%w/ez), (5-3)
where the prime denotes the differentiation with respect to x,

=Y T @ (5-4)

dx

and e, e is the standard basis of R?. This follows from the application of Equation
(A-9) to ¢ : (x0, x1) — R? given by ¢(x) = (x, w(x)). Note also that the unit
tangent ¢ and the unit normal n of & are given by

t=J e +ver), n=J"(—w'e|+e). (5-5)

Remark 1. Let [T, ]n be the jump of the normal component of T, across &. Equa-
tions (5-2) and (4-3) yield

d
(T n—2%¢ —kon=0. (5-6)
ds

If we multiply this relation by ¢ and n and put ¢ - [T, Jn = —q and n - [T, Jn = —p,
we obtain, respectively,

do
ds

These equations coincide with the equilibrium equations of a planar curved beam
when the bending moment and the shear force are null, if we interpret g and p as
the tangential and normal component of the load, respectively, and ot = Tt as the
axial force [Love 1944].

+4q=0, ko +p=0.

From (5-1) and the first equation in (5-5) we get

T, :oJ_Z{el®e1+2w’e1®e2+(w/)zez®ez}, (5-7)
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where
e10er=;(e1Qer+er®e).
Defining 811, 812, 622 by
[T, ]=011e1 @e1+ 281261 Oex+0ner R e, (5-3)

we obtain from the second equation in (5-5)

[T 1n =7 {612 — o'81D)e1 + (522 — &'S10)e2}. (5-9)
With
=7 (5-10)
Bi=7.

we deduce from Equations (4-3), (5-9) and (5-3) the system of ordinary differen-
tial equations
B+ '8 — 812 =0, (5-11)

(B&') 4+ @'812 — 822 =0, (5-12)

some applications of which are illustrated in the following sections. We observe
that, in view of Equations (5—1), the first equation in (5-5) and (5-10), we have

B=o(t-e)) and B’ =o(t-ey), (5-13)

which are the horizontal and vertical components of the axial force, respectively.

6. Panels: vertical top loads

In the rest of the paper we apply the considerations of Sections 3-5 to study the
statics of rectangular panels in two dimensions made of a no-tension material, with
infinite compressive strength [Del Piero 1989]. The panel is free from body forces,
clamped at its bottom and subjected to loads prescribed on the boundary. The stress
is supposed to be symmetric, plane and negative semidefinite, with singularities
along a finite number of curves in the interior U C R? of the panel; we use equili-
brated tensor fields to describe the stress. If & is the union of these curves, the stress
field T is the sum of a measure absolutely continuous with respect to Lebesgue’s
measure with a smooth density 7, in U \ &, and a measure concentrated on &,
whose density is a smooth superficial tensor field T. The equilibrium requires
that 7, has null divergence outside &, and that the surface divergence of T be
balanced by the jump of the normal component of T, across ¥, as required by
Equation (4-3). In the examples presented in this paper, the form of the singularity
curves and the superficial stress field T are obtained by means of this relation,
once T, has been determined.
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Figure 1. The panel under general load conditions.

We shall deal with either solid rectangular panels or rectangular panels with an
opening. In all cases we place the origin of the coordinate system (x, y) in the
upper right corner of the panel, with the axis x along the upper side of the panel
pointing to left and the y axis along the right side pointing downwards, see Figure
1.

Consider first a solid rectangular panel of width b and height 4, clamped at its
base y = h and subjected to a vertical load, p, distributed on its top, y = 0, a
horizontal load, ¢, distributed along its right side, x = 0, and a force,

f = fiei + fres,

concentrated at the upper right corner (Figure 1). Denoting by U the inner part of
the panel,

U={(x,y)e[R92:0<x<b,0<y<h},

we aim to determine a curve & in U
y=w(x), with w(0)=0, (6-1)

and a continuously differentiable, negative-semidefinite superficial stress field T
on ¢, such that the tensor field T, defined by

T=T,LU+T,% LY,
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is balanced and in equilibrium with the external loads, where T is given by

- ) i U+7
T, — p(x)ex @ e ?n 6-2)
—q(y)er®e; inU™,

withU™ ={(x,y)eU:0<x <o '()}and Ut ={(x,y) eU: 0o ' (y) <x <b)}
denoting the two regions into which U is divided by &. Since, according to (6-2),
T, is equilibrated with the distributed loads p and g and satisfies the first equation
in (4-3), it is sufficient to determine & and T to satisfy the second equation in
(4-3) and the equilibrium boundary condition

T;(0)t(0) =—f. (6-3)
To this end, note that in this case Equations (5-8) and (6-2) give
dn=q(@(x)), dn=-p), 82=0
and therefore from Equations (5-11) and (5-12) we deduce
B +qwx)o =0 (6-4)

and

(B) + p(x) =0. (6-5)
Denoting by P and Q the respective primitives of p and ¢ with P(0) = 0 and
0(0) =0, we get

Bx) = B(0) — Q(w(x)), (6-6)
B(x)w'(x) = B(0)w'(0) — P(x). (6-7)

With the help of (6-6), (6—7) becomes
(Q(@(x)) = B(0) &' (x) = P(x) — B(0)'(0), (6-8)

and, in view of Equation (5-13), the equilibrium boundary condition (6-3) be-
comes

BO)=—fi, B0 0)=—f (6-9)
Then, (6-8) implies

Q@)+ fi) @'(x) = P(x) + fa, (6-10)

which can be integrated under the boundary condition in the second equation of
(6-1). This is equivalent to the requirement for equilibrium of all rectangular re-
gions, like the one shaded in Figure 1, with respect to the rotation about the point
a [Lucchesi and Zani 2002]. Since T is negative-semidefinite, we can see that
0(0) < 0 in view of Equation (5-1), and from Equations (5-4) and (5-10) we
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Figure 2. Load-distribution laws on the boundary of the panel;
Example 1.

obtain < 0. Moreover, since the curve & (except for its ends) is wholly contained
within U, we have «'(0) > 0. From Equation (6-9), it follows that both f; and
/> must be non-negative, that is to say, the force f must be directed towards the
inside of the panel [Di Pasquale 1984].

Example 1. In this example, we suppose that the vertical distributed load is uni-
form, the horizontal one is linear and the concentrated force is zero (Figure 2), that
18,

p(x) =po, q(y)=qo <1 - %) f=0.

Under such conditions

0() =qo (1 —%) P(x) = pox (6-11)

and from Equations (6-10) and the second equation in (6—1) we obtain for & the
implicit equation

1)
qoa)2 (1 — %) = poxz. (6-12)

It can be seen that & intersects the panel base at

2
x=nh ﬂ.
3po
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In order for such a solution to be valid, the intersection point must be within the
panel’s base, that is to say,

240

3po’

and this requires that go does not exceed the value

3 (bY?
Qm—zpo h .

The attainment of this value would cause the panel to overturn around the corner
at coordinates x = b, y = h. From (6-12) we deduce

X=w % <1—3%>,

/ 2h pO w
W = (1 — —)
2h —w q0 3h
by Equations (6-10) and (6-11). The expression for o can be obtained from Equa-
tions (5-10), (6-6), the first equation of (6—11), and (5—4), and it is easy to verify

that o is an increasing function of x. In particular, at the panel bottom we have
o = h and therefore, taking Equations (5—4) and (6-6) into account, we obtain

b>h

and then

2 8 1
=2 ﬂ, 1+ﬂ B =—=qoh,
390 390’ 2

from which we obtain the reaction Ts¢ = ot at the end of & of magnitude
[, 8po
h /14—
2610 + 340

Example 2. In this example, we again suppose that the vertical load is uniform,
while the horizontal one is zero. Moreover, we assume a concentrated force to be
acting (Figure 3),

by Equations (6—4) and (6-9).

p=po. q=0, [f=fiel+ fres,

so that P(x) = pox and Q(w) = 0. Therefore, we assume T, as in Equation (6-2)
with p(x) = po and g(x) = 0, and from Equations (6—10) and the second equation
in (6-1) we deduce

Po

=— 6-13
w(x) 2 +v (6-13)
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Figure 3. Load-distribution laws on the boundary of the panel;
Example 2.

with v = f,/f1. Thus, in view of Equations (5—4), (6-6), the first equation in (6-9)
and (5-10) we obtain

2 2
J=\/1+(@+v), B=—Ff, a=—f1\/1+(@+v), (6-14)
il fi

from which we can determine 7T with the help of Equation (5-7).

From (6-13), for x = b, w = h and v < h/b, we get the maximum magnitude of
force f compatible with the equilibrium,

2
Fnl = 5102

vb)

Moreover, in view of Equations (6—13) and the third equation in (6—14) the intensity
of the concentrated reaction at the panel’s base is

2poh
f

This result can be generalized to the situation where, besides the vertical load
Po, there are two forces, f and g, applied to the panel’s corners. For simplicity,
we limit ourselves to the case in which f and g are horizontal, as shown in Figure
4. Let us suppose f < g. Proceeding as in the previous case it can be verified that,

fi. 1+ + 2.
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Figure 4. Stress states.

for
1 2po
< -b,/—,
\/?+\/§_ SN

the panel is subdivided into three regions, U, U, and Us, by parabolas | and &>

with equations

2 2
Pox . Pox
wi(x)=—— with o =—f,/1+ <—) (6-15)
2f S
and
polb—x)? po(b —x)\
(x)=——F7—— with op=—g,/14+|——— ), (6-16)
2g 8
and, moreover,
T, — poex Qe lTl 1 (6-17)
in Uy, UUs.
For
1 2p0
Zp )22
VI+VE>oh)5
and )
pob
— < -
g—f= T

the curves ¥ and ¥, intersect at a point p in the interior of U. In this case, an
equilibrated tensor field is determined by supposing that the the panel is further
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subdivided by the curve ¥3 (Figure 4 (b)). For T, defined by Equation (6-17),
we have [T,] = 0 across &3 and, in view of (5-6), this implies the vanishing of
both the curvature x and do/ds. Thus, ¥3 is a straight line whose equation can be
determined with the help of (6—15) and (6-16), by observing that at the point p we
have

o1t) + o2ty —o3tz =0,

in view of the second equation in Equation (4—4), which expresses the “equilibrium
of the node p”. Finally, we obtain

_ pob(b —2x) . _ pob 2
C()3(X)—W with 0'3——(g—f) 1+(g—f> .

For

_ pob?
g f_ 2h ’

the panel is free to rotate around the point with coordinates (0, &).

Example 3. Consider the case in which the panel is subjected only to the sole action
of the uniform distributed vertical load p = pg. Using the results of the previous
example, we wish to verify that, beyond the regular stress state, T = —pge> ® es,
defined throughout U, it is possible to determine infinitely many equilibrated and
compatible stress fields, each of which characterized by

(i) a superficial stress T defined on a curve ¥ with equation y = w(x) that is
symmetric with respect to the axis x = b/2 (Figure 5), which intersects this
axis for y = A, (0 < A < h) and that also intersects the panel bottom for
lx —=b/2| =, (0 <p <b/2),

w®B/2) =r, obB2Ew)=h, ob/2)=0; (6-18)

(i1) a stress field
—poe2®@er, inUT,
T, = poex & e ‘ (6-19)
mU™,
where U™ ={(x,y) e U :|x —b/2| < u, w(x) <y < h} is the region below
& and U™ is the interior of its complement in U.

In fact, using Equations (6—4) and (6-5) with p = pg, ¢ =0, and combining with
(6-18), we see that & is a parabola given by

w(x) = A+ MZA (x —b/2)? (6-20)

and that g is given by
pon”

= "2ty
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Figure 5. Stress field; Example 3.

from which we can calculate J, o and Ty by Equations (5-4), (5-10) and (5-7).
It can be seen that the interaction between the two parts of the panel, separated by
the symmetry axis, x = b/2, consists solely of a horizontal force concentrated at
the apex of &, whose intensity — g is an increasing function of A which becomes
unbounded when A tends to A.

Example 4 (panels with openings). Let us consider a rectangular panel with base
b = b1 4 2b; and height h = h; 4 hy, with a symmetric opening with dimensions
by and h (Figure 6), clamped at its base and subjected to a vertical load pg, uni-
formly distributed on its top. Clearly, the stress field from the preceding example
is appropriate here also provided that the parabola in Equation (6-20) is entirely
contained inside the panel. It is easy to see that the most favorable situation is
attained when the apex of the parabola belongs to the top of the panel (Figure 6).
Then T, is as in (6-19), where regions U~ and U™ are divided by parabola ¥

_ po(b/2—x)?
ox)=—"—7""—,
2¢g
with
2
b /1 .\ (M) |
g
where

g=-p
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Figure 6. Panel with a symmetric opening.

is the interaction between the two parts of the panel across the symmetry axis.
For g = pob% /(8hy) the parabola & contains the points (b>, hy) and (by + by, h2),
whereas for g = pob?/(8h), ¥ meets the corners of the panel with coordinates (0, /)
and (b, h); hence the equilibrium is possible only for pob?/(8h) > pob% /(8hy), that
is, for

{=45G+1D), (6-21)

with £ = by /by and ¢ = hy/ h,. We observe that when the equality holds in Equa-
tion (6-21), ¥ meets the four points (0, h), (b2, hy), (b1 + b2, hy), and (b, h) and
thus, apart from the value of pg, the panel can be considered to be a kinematically
indeterminate structure, made of four hinged bodies.

Assuming that ¢ < 4£(§ + 1), we now want to determine an equilibrated stress
field when the panel is subjected to a horizontal force f applied to the upper right
corner 0 in addition to the vertical load pg. First, let us consider the case in which
parabola ¥ with equation w(x) = pox?/(2f) is contained inside the panel as
shown in Figure 7 (see also Example 2). For this, f has to satisfy the inequality

2 2
po(b1 +b2) <f< pob

, 6-22
2h, T T 2h ( )

because for
f = po(b1 +b2)*/(2hy),

o meets the point b, whereas for

f = pob*/(2h),
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Figure 7. Stress field with a horizontal force f, for ¢ < g((;i;zz) .

w meets the point ¢. Inequalities (6-22) are verified only if

pob®/(2h) = po(by +b2)*/(2h2),
that is, if
_EGE+)
T E+D?
When Equations (6-23) and (6-22) are satisfied, we can assume that T, and 7 are
given in the same way as in the first part of Example 2 and then we see that the
maximum value of f compatible with the equilibrium is

(6-23)

b2
fn = pzo_h_ (6-24)
Let us now consider the case
36E+2
E((gi—m) <¢ <4EE+D). (6-25)

In view of the previous discussion (see the second part of Example 2 and Figure 4
(b), the equilibrated tensor field can be obtained with the following three singularity
curves:

(1) an arc of parabola ¥, with equation
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Figure 8. Stress field in the panel. (a) Apex of S| on the symmetry
axis. (b) The collapse state.

and apex in a = (a, 0) with a € (b/2, 0);

(i1) an arc of parabola ¥, with the equation

Pox 2

27

wy(x) =

and apex in (0, 0);
(iii) a line ¥3, starting from the intersection point of ¥ and &, (Figure 8).

These curves subdivide the panel into three regions, where T, is defined as in
(6-17).

With the aim to obtain the maximum admissible intensity of f, we first deter-
mine the values of g and a so that the parabola | meet the points b = (b; + b3, h»)
and ¢ = (b, h) (Figure 8 (b)); this is always possible in view of Equation (6-25).
In this way we obtain

BE2(2+ ¢ +2JT+

g:p01 ( i ;‘)’ a=b; 1+§(§—1—\/1+§) . (6-26)
2¢%hy ¢

Once g and a are determined, we impose the requirement that the segment &3

meets the point d = (b;, h) and then we get

_ pobi 26EHDVTFTH22C+ D) +26 ¢
2k c&+1) '
When this value of f is reached, the panel behaves as a kinematically indeterminate
structure made of three bodies, hinged at points a, b, ¢ and d.

We observe that a, as given by the second equation in (6-26), is positive in view
of the first inequality of (6-25), and vanishes for

_EGBE+2)
T Er

(6-27)

S
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Figure 9. Load-distribution laws on the top of the rectangular
panel and corresponding stress field.

In this particular circumstance, the value of f,, given by (6-27) coincides with the
value of f,, given by (6-24) and with the value of g given by the first equation in
(6-26).

7. Panels: oblique top loads

Let us consider a rectangular panel of width » and height &, clamped at its bottom
and subjected to horizontal and vertical loads distributed on the top of the panel.
Assume that the vertical load pg is uniform, whereas the horizontal load ¢ has a
linear distribution (Figure 9),

p(x)=po, 0=x=b;

‘PPO(dd*X) O0<x<d

’

X) =
10) 0, d<x<b.

Let U be the interior of the panel. As proved in [Lucchesi and Zani 2003a], the
stress field T'g in the region 0 < x <d and 0 <y <d/¢p is given by

2 2
pop-d(x —d) 2pogd (x—d) pod .
Ty = o—a7 e1®e+ (oy—d)? e1®e2+¢y_de2®e2 in U;

in Us,
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where Uy, U, are cones, both with vertex p = (d, d¢), given by

U={x,y)eU:0<x=d, 0<¢y<x},

Uy={x,y)eU:0<x<d, x <g¢y<d}.

The stress field Ty is discontinuous along the line x = ¢y but it is an easy matter
to verify that the jump of the normal component of Ty across the discontinuity
line is zero. Therefore x = @y differs from the singularity curves considered in the
previous examples in that its corresponding superficial stress field vanishes.

In the coordinate system with originin p, X =d —x, Y =d/¢ — y, shown in

Figure 9, with corresponding unit normal base ¢; = —e; and é; = —e,, we have
_M(x é -3 1
) 7’x®x inUj,
To(x)= ¢ ,
0 in Us,

where we put x = (X, Y). Recalling Proposition 2, we note that in U; we have

To(x)= |x|73oz <i) XQx,

x|
with the function « given by

ale) = —p%l(e-ézr% (7-1)

e € S!. Therefore, writing e = &; cosf + é;sinf and ¥ = tan~!(1/¢), from
Equation (7-1) we obtain the following value of the vector constant ¢ as in (3—12):

d /2 )
c=—pi (e-ez)_3ed“?/’€l(e),
Y Jy
pod /2

= (sin®) (& cos 6 + &, sin0) db,
v Jy (7-2)

= —pod(pe /2 +ey),

= pod(pe1/2+ey),

which equals the resultant of the load applied to the top of the panel on the interval
[0, d]; see Equation (3—13).

To determine the stress field in the remaining parts of the panel, we assume the
existence of a singularity curve & with equation y = w(x), starting from the point
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D, and we proceed as in Example 2, assuming

Ty in U UU,,
T, =({—-poex®ey inUs,
0 in U4.

The form of the curve y = w(x) is obtained similarly to that in Equation (6-13):
one identifies f = ¢ and hence f; = podp/2 and v = 2/¢ [see (7-2)] to obtain

—d)? 2x—d) d 2
(x —d) N (x )+_=x_‘
od % ¢ @d

The maximun value of ¢ compatible with equilibrium is 5% /(hd) and is attained
when & meets the corner (b, 1) of the panel.

w(x) =

8. Conclusions

The divergence measure tensor fields presented above constitute a new class of sin-
gular stress fields equilibrated with the loads and compatible with the incapability
of the material to withstand traction. They appear to be a powerful tool that can be
helpful in many applications to assess the safe magnitude of the applied load.

Although the examples presented in this work deal only with the plane problem
in the absence of the body forces, the general part of this paper is meant to be
applicable to more general situations [Lucchesi et al. 2004; 2005b].

Appendix A. Appendix: surfaces and surface divergence theorem

This appendix gathers the differential geometric notions used above. These are
mainly the k-dimensional surfaces in R", which we denote generically by AU, the k-
dimensional surfaces with boundary, which we denote by &, the surface divergence
of vector fields and tensor fields on AU or &, and the surface divergence theorem
1. Most of the notions discussed below can be used in their intuitive sense but we
prefer to give explicit definitions to avoid misunderstandings.

We start with the notion of surface. We give a definition that is convenient for
the proof of Proposition 1. We refer to [Federer 1969, Subsection 3.1.19] for the
discussion of surfaces without boundary of arbitrary class C* and to [Lee 2003]
for manifolds with boundary of class C*°.

A.1. Surfaces. If AU is a subset of R”, k an integer with 0 <k <n, and s a positive
integer, then the following conditions are equivalent [Federer 1969, Subsection
3.1.19]:

(i) for each x € AU there exists a neighborhood Z of x in R” and a class C*
injective map ¢ from an open set in R¥ into R” with continuous inverse such
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that
UNZ =ran¢, rankVe¢(p)=+k whenever p € dom ¢;

(i1) for each x € AU there exists a neighborhood Z of x in R” and a class C* map
® : Z — R such that

OuﬂZzw_l(O), rank Vo(y) =n—k whenever y € Z.

If these equivalent conditions are satisfied, we say that U is a k-dimensional surface
of class C*. It is not assumed that surfaces are connected. We shall always assume
that s > 2, and omit the qualification “of class C?” in our terminology. It is easy
to see that U is an n-dimensional surface in R" if and only if U is an open subset
of R" and U is a O-dimensional surface if and only if U is a set of isolated points.
We call one-dimensional surfaces curves. We shall encounter zero-dimensional
surfaces as boundaries of curves.
If x € U we denote by T, (U) C R" the tangent space to U at x, defined by

T, (U) =ran V(b((}}_1 (x)) =ker Vw(x), (A-1)

where ¢ and @ are as in (i) and (ii) above; we note that the two expressions in
(A-1) are independent of the choices of these two objects. Clearly, T, (°U) is a
k-dimensional subspace of R".

Next we discuss surfaces with boundary. These occur in the surface divergence
theorem, below, and are defined as closed parts & of surfaces AU without boundary
such that the boundary 0¥ is regular enough to have a well defined tangent space
for 9¢¢~! a.e. point.

A.2. Surfaces with boundary. We say that a subset & of R” is a k-dimensional
surface with boundary if the following three conditions are satisfied:

(1) & is closed;

(i) there exists a k-dimensional surface A such that ¥ C U;

(iii) for every x in the relative boundary 95 of & in AU there exist a set Z and
a map ¢ as in Item 1 of Section A.1, an € > 0, and a Lipschitz function
f :dom f — R on an open subset of R*~! such that

¢(D-) CZNIF\IY), ¢(Dy) CZNU\S),
where Dy are the “ =+ € layers along the graph of f,” given by
Dy ={(y,a) ele:yedomf,a=f(y):|:t, where 0 <t < €}.

We set intY := &\ 0¥ and note that int & is a surface (without boundary) as
defined in Section A.1. If x € ¥, we define the tangent space T, (¥) to ¥ at x
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by T, (¥) = Ty (W); this definition is independent of the choice of U. Note that if
x,Z,¢,and f are as in Item (iii) above then

Z N9 = d(graph 1),

that is, ¢ carries the graph of f into 0¥; in particular x = ¢(y, f(y)) for some
y € dom f. Motivated by this, we define the tangent space Ty (0¥) of 35 at x for
k=1 ae. x € 37 as the image of the tangent space T at (y, f(y)) to graph f under
V¢ whenever J exists. By definition, J exists if and only if f is differentiable at
y; we then set
T .= span{V,-h(y) i=1,...,k— 1},
where k : dom f — RF is defined by h(z) = (z, f(2)), z € dom f, and
Vi,i<i<k-—1,

denotes the partial differentiation in R, We then set

T.(3F) :=span{Ve(y, f(y)Vih(y) :i=1,....k—1}

where y is defined by x = ¢(y, f(y)). Since f is differentiable at £¥~! a.e. point
of dom f by Rademacher’s theorem, T, (d¥) is defined for ¥l ae x € 9.

The tangent space to 0¥ is now used to define an exterior normal to ¥ as
follows. If ¥ is a k-dimensional surface with boundary then there exists a function
m, defined on %%~ almost all of 8% and with values in S"~!, which we write
m: 9% — S"!, such that we have the following conditions satisfied for #*~! a.e.
x €09

(1) m(x) € Ty (F);
(i1) m(x) is perpendicular to T (0¥);

(iii) m points out of & in the sense that there exists a continuously differentiable
map ¥:(—1,1) = R* with ((—1,0]) C ¥, ¥(0) =x and d¥/dt(0) = m(x).

Any two functions satisfying (i)—(iii) differ at most on a set of 9¢*~! measure 0; we
call any such an m the exterior normal of &, and refer to [Lee 2003, Proposition
13.26] for the proof in the case of C° manifolds with C* boundary. If & is a curve
with endpoints and hence d¥ is a collection of the initial and final endpoints (see
below for the definition), then the outer normal coincides with the outer tangents
to & at the endpoints.

In the special case k = n, we call the n-dimensional surfaces with boundary in R"
regions with Lipschitz boundary; recall that, contrary to the common terminology,
we assume that & is closed; since in this case 0¥ coincides with the topological
boundary of &, it follows that int¥ is a region with Lipschitz boundary in the
standard sense [Necas 1967], which we call open regions with Lipschitz boundary.
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For the special case k = 1 we call surfaces of dimension 1 with boundary curves
with endpoints.

Referring to [Lee 2003, Chapter 13] for the standard notion of an orientation of a
vector space, we say that a k-dimensional surface in R” with boundary is orientable
if there exists a continuous map on & giving the orientation of each tangent space
of . Each such a map is called an orientation of the surface. An oriented k-
dimensional surface with boundary is a surface & with boundary together with an
orientation of &.

A.3. Fields on surfaces, surface gradient and surface divergence. With the aim
to define the surface divergence of a vector or tensor field defined on a surface,
we first introduce a surface derivative via ‘theoretical’ formulas (A-2) and (A-3),
below, and give ‘practical’ formulas (A—4) and (A-5).

If & is a k-dimensional surface with boundary, S C &, f : S — V where V
is a finite-dimensional inner product space, and x € S \ 0¥, we say that f is
differentiable at x it NNY C S for some neighborhood N of x in R” and if there
exists a linear transformation V f(x) from R” to V, called the surface derivative
of f at x, such that

Vfx)P=Vf(x) (A-2)
and
Jim [ f ) = f) = V@) —0)/ly —x]=0, (A-3)
YES, y#x
where P is the orthogonal projection from R" onto T, (¥). Note that for k =n
this coincides with the usual definition of the (Fréchet) derivative interpreted as a
linear transformation [Dieudonné 1960, Chapter VIII]; for k = n — 1 this reduces
to the surface gradient defined in [Gurtin and Murdoch 1975; Gurtin 2000]. For
a general k, we interpret V f (x) as a linear transformation from R" to V and not
as a linear transformation from T, (¥) to V. However Equation (A-2) shows that
V f(x) = 0 on the orthogonal complement T, (¥)*. If V = R, we identify the
linear transformation V f(x) from R” to R with a vector in R”, equally denoted,
viaVf(x)a=V f(x)-a for any a € R". It is easy to see that if ¢ is as in Section
A.1 (i) then f is differentiable at x if and only if f o ¢ is differentiable in the
classical sense at p := ¢! (x) and then

Vi®) =V (fod)(PIVe(p) P, (A-4)

where [Vo(p)]™! : T« (¥) — R is the inverse of V@(p) : R — T (¥). Also,
if N is a neighborhood of x in R" and g : N — V is an extension of f that is
differentiable in the classical sense at x then

Vf(x)=Vgx)P, (A-5)
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where Vg(x) is the derivative of g at x in the classical sense. If T C §, we say
that f : S — V is continuously differentiable on T if V f(x) exists for every x € T
and the mapping V f is continuous on 7.

If ¢ : § — R” is differentiable at x € §, we define the surface divergence
divg(x) € R of g at x by

divg(x) :=tr[Vgq(x)].

For k = n this coincides with the standard divergence, while for k =n — 1 this re-
duces to the surface divergence defined in [Gurtin and Murdoch 1975] and [Gurtin
2000].

IfSCYandq:S— R", wesay that q is rangential [Gurtin 2000] if g (x) € T, (%)
for every x € S. If T : § — Lin is differentiable at x € S, we define the surface
divergence divT (x) € R" of T at x to be the unique element of R"” such that

a-divT(x) = div[T Ta](x), (A-6)

for every a € R"; see [Gurtin and Murdoch 1975] and [Gurtin 2000]. We note the
following standard identity for a smooth tensor field T and a smooth vector field
v on an open subset of a surface:

div(T"Tv) =Vv-T+v-divT. (A7)

To give formulas for the surface divergence, we assume that U C R" is a surface
of dimension k, that ¢ : P — 9 is a local parameterization of U on an open
set P C R¥ of class C?, (that is, ¢ satisfies Item (i) of Section A.1), and that
q :ran¢ — R” is a continuously differentiable tangential vector field on ran ¢ C °U.

We write
k
go¢ = Z q'gi
i=1
where g; : P — R" are the coordinate vectors of ¢, given by g, = V¢ e;, where
e;,i=1,..., k,is the standard basis in R*. Then ¢’ are continuously differentiable
functions on P and one has
k
(divg)od =T, Y Vi(Jpg"), (A-8)

i=1

where Jg.p_ (0,00 18 the Jacobian of ¢, defined by
Jp =det(VeT V),

and V; denotes the partial differentiation in R¥. This can be deduced from [Lee
2003, Problem 14-11 (a)] in the case of class C* objects and the generalization to
the above smoothness assumptions is straightforward; nevertheless we note that ¢
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must be of class C? to make the right side of Equation (A—8) meaningful. One finds
similarly that a continuously differentiable symmetric tensor field T : ran ¢ — Lin
is superficial if and only if it can be written in the form

k
Top=3) T'g®g;,
i,j=1

where T/ are continuously differentiable functions on P. From Equations (A—6)
and (A-8) we can deduce that

k
divT)op=1Jy1 Y V;(JeT7g). (A-9)
i,j=1
Theorem 1 (Surface divergence theorem). If & is an oriented k-dimensional sur-
face with boundary and if q : ¥ — Lin is a continuous tangential vector field with
compact support and with a continuous and ¥* integrable derivative in int ¥ then

/diqu%":/ q-mdy<! (A-10)
g A

where m is the exterior normal to &.

We refer to [Lee 2003, Theorem 14.23] for the proof for C*° objects. The proof
under the present generality follows by noting that the maps ¢ as in Section A.2
item (iii) carry (parts) of & into (parts) of regions with Lipschitz boundary in R¥ for
which the divergence theorem is known to hold [Necas 1967] for functions from
the Sobolev class W1, In the proof one invokes Equation (A—8) to transform the
surface integral of the surface divergence into the volume integral of the ‘volume’
divergence, invoking the divergence theorem and transforming the resulting inte-
gral to the right side of Equation (A—10). The proof is then completed with the
help of a partition of unity, see [Silhavy 2005b, Chapter 5] for details. The use of
formula (A—8) requires a class C2 smoothness of &.

Acknowledgments

The research of M. Silhavy has been supported by a MIUR grant, “Variational
theory of microstructure, semiconvexity, and complex materials.” The support is
gratefully acknowledged.

References

[Anzellotti 1983] G. Anzellotti, “Pairings between measures and bounded functions and compen-
sated compactness”, Ann. Mat. Pur. Appl. 135:1 (1983), 293-318.

[Benvenuto 1991] E. Benvenuto, An introduction to the history of structural mechanics, I1: Vaulted
structures and elastic systems, Springer, Berlin, 1991.


http://dx.doi.org/10.1007/BF01781073
http://dx.doi.org/10.1007/BF01781073

538 MASSIMILIANO LUCCHESI, MIROSLAV SILHAVY AND NICOLA ZANI

[Bouchut and James 1999] F. Bouchut and F. James, “Duality solutions for pressureless gases, mono-
tone scalar conservation laws, and uniqueness”, Commun. Part. Diff. Eq. 24 (1999), 2173-2190.

[Brenier and Grenier 1998] Y. Brenier and E. Grenier, “Sticky particles and scalar conservation
laws”, SIAM J. Numer. Anal. 35:6 (1998), 2317-2328.

[Chen and Frid 1999] G.-Q. Chen and H. Frid, “Divergence-measure fields and hyperbolic conser-
vation laws”, Arch. Ration. Mech. An. 147:2 (1999), 89-118.

[Chen and Frid 2001] G.-Q. Chen and H. Frid, “On the theory of divergence-measure fields and its
applications”, Bol. Soc. Bras. Mat. 32 (2001), 1-33.

[Chen and Frid 2003] G.-Q. Chen and H. Frid, “Extended divergence-measure fields and the Euler
equations for gas dynamics”, Commun. Math. Phys. 236:2 (2003), 251-280.

[Chen and Torres 2005] G.-Q. Chen and M. Torres, “Divergence-measure fields, sets of finite perime-
ter, and conservation laws”, Arch. Ration. Mech. An. 175:2 (2005), 245-267.

[Degiovanni et al. 1999] M. Degiovanni, A. Marzocchi, and A. Musesti, “Cauchy fluxes associated
with tensor fields having divergence measure”, Arch. Ration. Mech. An. 147:3 (1999), 197-223.

[Del Piero 1989] G. Del Piero, “Constitutive equation and compatibility of the external loads for
linear elastic masonry-like materials”, Meccanica 24:3 (1989), 150-162.

[Del Piero 1998] G. Del Piero, “Limit analysis and no-tension materials”, Int. J. Plasticity 14:1-3
(1998), 259-271.

[Di Pasquale 1984] S. Di Pasquale, “Statica dei solidi murari teorie ed esperienze”, Pubblicazione 27,
Dipartimento di Costruzioni, Universita di Firenze, 1984.

[Dieudonné 1960] J. Dieudonné, Foundations of modern analysis, Academic Press, New York and
London, 1960.

[Federer 1969] H. Federer, Geometric measure theory, Springer, New York, 1969.

[Gurtin 1981] M. E. Gurtin, An introduction to continuum mechanics, Academic Press, Boston,
1981.

[Gurtin 2000] M. E. Gurtin, Configurational forces as basic concepts of continuum physics, Springer,
New York, 2000.

[Gurtin and Murdoch 1975] M. E. Gurtin and A. I. Murdoch, “A continuum theory of elastic material
surfaces”, Arch. Ration. Mech. An. 57:4 (1975), 291-323.

[Heyman 1966] J. Heyman, “The stone skeleton”, Int. J. Solids Struct. 2:2 (1966), 249-256.

[Kohn and Témam 1983] R. Kohn and R. Témam, “Dual spaces of stresses and strains, with appli-
cations to Hencky plasticity”, Appl. Math. Opt. 10:1 (1983), 1-35.

[Lee 2003] J. M. Lee, Introduction to smooth manifolds, Springer, New York, 2003.

[Love 1944] A.E. H. Love, A treatise on the mathematical theory of elasticity, Dover, New York,
1944,

[Lucchesi and Zani 2002] M. Lucchesi and N. Zani, “On the collapse of masonry panel”, in Proceed-
ings of 7th International Seminar on Structural Masonry for Developing Countries, Belo Horizonte,
Brazil, 2002, 2002.

[Lucchesi and Zani 2003a] M. Lucchesi and N. Zani, “Some explicit solutions to plane equilibrium
problem for no-tension bodies”, Struct. Eng. Mech. 16:3 (2003), 295-316.

[Lucchesi and Zani 2003b] M. Lucchesi and N. Zani, “Stati di sforzo per pannelli costituiti da mate-
riale non resistente a trazione”, in Proceedings of XVI AIMETA Congress, Ferrara, 2003.

[Lucchesi et al. 2004] M. Lucchesi, M. Silhavy, and N. Zani, “Stress state for heavy masonry pan-
els”, Paper presented at the Colloquium Lagrangianum, Venice, 2004.


http://dx.doi.org/10.1137/S0036142997317353
http://dx.doi.org/10.1137/S0036142997317353
http://dx.doi.org/10.1007/s002050050146
http://dx.doi.org/10.1007/s002050050146
http://dx.doi.org/10.1007/s00220-003-0823-7
http://dx.doi.org/10.1007/s00220-003-0823-7
http://dx.doi.org/10.1007/s00205-004-0346-1
http://dx.doi.org/10.1007/s00205-004-0346-1
http://dx.doi.org/10.1007/s002050050149
http://dx.doi.org/10.1007/s002050050149
http://dx.doi.org/10.1007/BF01559418
http://dx.doi.org/10.1007/BF01559418
http://dx.doi.org/10.1016/S0749-6419(97)00055-7
http://dx.doi.org/10.1007/BF00261375
http://dx.doi.org/10.1007/BF00261375
http://dx.doi.org/10.1016/0020-7683(66)90018-7
http://dx.doi.org/10.1007/BF01448377
http://dx.doi.org/10.1007/BF01448377
http://technopress.kaist.ac.kr/journal/container/sem/sem16_3_container.jsp?order=3#abs3
http://technopress.kaist.ac.kr/journal/container/sem/sem16_3_container.jsp?order=3#abs3

A NEW CLASS OF EQUILIBRATED STRESS FIELDS FOR NO-TENSION BODIES 539

[Lucchesi et al. 2005a] M. Lucchesi, M. Silhavy, and N. Zani, “Singular equilibrated stress fields
for no-tension panels”, pp. 255-265 in Mechanical modelling and computational issues in civil en-
gineering, edited by M. Frémond and F. Maceri, Lecture Notes Appl. Comput. Mech. 23, Springer,
2005.

[Lucchesi et al. 2005b] M. Lucchesi, M. gilhavy, and N. Zani, “Stress fields for axisymmetric no-
tension bodies”, in Proceedings of XVII AIMETA Congress, Florence, 2005.

[Marzocchi and Musesti 2001] A. Marzocchi and A. Musesti, “Decomposition and integral repre-
sentation of Cauchy interactions associated with measures”, Continuum Mech. Therm. 13:3 (2001),
149-169.

[Necas 1967] J. Necas, Les méthodes directes en théorie des equations elliptiques, Masson, Paris,
1967.

[Podio-Guidugli 2005] P. Podio-Guidugli, “Examples of concentrated contact interactions in simple
bodies”, J. Elasticity 75:2 (2005), 167-186.

[Podio-Guidugli and Caffarelli 1990] P. Podio-Guidugli and G. V. Caffarelli, “Surface interaction
potentials in elasticity”, Arch. Ration. Mech. An. 109:4 (1990), 343-383.

[Rudin 1974] W. Rudin, Real and complex analysis, McGraw-Hill, New York, 1974.

[Strang and Témam 1980] G. Strang and R. Témam, “Duality and relaxation in the variational prob-
lems in plasticity”, J. Mécanique 19 (1980), 493-527.

[Témam and Strang 1980] R. Témam and G. Strang, “Functions of bounded deformation”, Arch.
Ration. Mech. An. 75:1 (1980), 7-21.

[Silhavy 1997] M. Silhavy, The mechanics and thermodynamics of continuous media, Springer,
Berlin, 1997.

[Silhavy 2005a] M. Silhavy, “Divergence measure fields and Cauchy’s stress theorem”, Rend. Sem.
Mat. Padova 113 (Februrary 2005), 15-45.

[Silhavy 2005b] M. Silhavy, “Geometric integration theory and Cauchy’s stress theorem”, Lecture
notes, 2005.

[Silhavy 2005¢] M. Silhavy, “Normal traces of divergence measure vectorfields on fractal bound-
aries”, Preprint, Dipartimento di Matematica, University of Pisa, 2005.

[Whitney 1957] H. Whitney, Geometric integration theory, Princeton University Press, Princeton,
1957.

Received 4 Dec 2005.

MASSIMILIANO LUCCHESI: massimiliano.lucchesi@unifi.it
Dipartimento di Costruzioni, Universita di Firenze, Piazza Brunelleschi 6, 50121 Florence,
Italy

MIROSLAV SILHAVY: Silhavy@math.cas.cz

Dipartimento di Matematica, Universita di Pisa, Largo Bruno Pontecorvo 5, 56127 Pisa,
Italy

and

Mathematical Institute of the AV éR, Zitna 25, 115 67, Prague 1, Czech Republic
NICOLA ZANI: nicola.zani@unifi.it

Dipartimento di Costruzioni, Universita di Firenze, Piazza Brunelleschi 6, 50121 Florence,
Italy


http://dx.doi.org/10.1007/s001610100046
http://dx.doi.org/10.1007/s001610100046
http://dx.doi.org/10.1007/s10659-005-3029-8
http://dx.doi.org/10.1007/s10659-005-3029-8
http://dx.doi.org/10.1007/BF00380381
http://dx.doi.org/10.1007/BF00380381
http://dx.doi.org/10.1007/BF00284617
mailto:massimiliano.lucchesi@unifi.it
mailto:Silhavy@math.cas.cz
mailto:nicola.zani@unifi.it

	1. Introduction
	2. Vector-valued measures
	3. Divergence measure tensor fields
	4. Balance equations
	5. Dimension two
	6. Panels: vertical top loads
	7. Panels: oblique top loads
	8. Conclusions
	Appendix A. Appendix: surfaces and surface divergence theorem
	A.1. Surfaces
	A.2. Surfaces with boundary
	A.3. Fields on surfaces, surface gradient and surface divergence

	Acknowledgments
	References

