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Chapter 1

Introduction

The solution to Saint-Venant problem, concerning the elastic equilibrium prob-
lem of beams, is classically addressed by the displacement approach. Still to
date, more than one hundred and fifty years since the publication of the two
fundamental papers by A.J.C. Barré de Saint Venant [4, 5], the solution of this
classical problem is derived by adopting the celebrated semi-inverse approach
pioneered by the french mathematician, and is classically taught in the form
contributed by Clebsch [17].

At a first sight the displacement approach appears to be straightforward
and effective, basically for two reasons: the Cauchy-Navier equations, govern-
ing the elastic equilibrium problem of solids in which the displacement field is
the primary unknown, are easier to derive and by far simpler with respect to
the corresponding ones, due to Beltrami and Michell [9, 40], which formulate
the elastic equilibrium problem in terms of the stress field.

Moreover, a solution expressed in terms of stresses would require an inte-
gration procedure to derive the corresponding displacement field, as opposite
to the straightforward differentiation procedure which allows one to derive the
stress field once the displacement field has been assigned.

Only one hundred years after Saint-Venant papers Riccardo Baldacci [6],



professor of Scienza delle Costruzioni (the italian acronym for Structural and
Solid Mechanics) at the University of Genova, presented a stress-based for-
mulation of the elastic equilibrium problem of beams which turn out to be
particularly compact and elegant.

In the author’s opinion the main reason which makes Baldacci treatment
preferable to the classical one is that there is no need to figure out the displace-
ment field and to check a posteriori its correctness according to Saint-Venant
semi-inverse method.

Conversely, the stress field solution of de Saint-Venant problem is directly
and consistently derived from Beltrami-Michell equation without invoking any
a-priori assumption apart from the classical hypotheses which characterize
Saint-Venant model of beams.

The price to pay for using the approach pioneered by Baldacci is that the
displacement field solution of Saint-Venant problem is not easy to derive since
it requires to integrate the strain field associated with stress field via the linear
isotropic elastic law.

However, it is shown in the dissertation that this issue, not addressed by
Baldacci, can be solved elegantly and in full generality by an integration pro-
cedure, basically equivalent to Cesaro’s formula, which can be applied indif-
ferently, though with a different degree of complexity, to any kind of internal
force, that is axial force, torsion, biaxial bending and biaxial shear.

In order to achieve this result the original treatment of Saint-Venant prob-
lem due to Baldacci is reformulated more synthetically by an extensive use of
tensor calculus.

In this respect use is made of an original derivation of Beltrami-Michell
equation which can be defined of algebraic nature in the sense that the fi-
nal result is obtained by means of basic operations of tensor calculus which

formally replace the differential manipulations usually exploited in classical



textbooks of continuum mechanics.

Basically these manipulations are of two kinds: the first one, mainly co-
incident with that initially formulated by Beltrami [9] and later generalized
by Michell [40], hinges on the systematic use of the indicial notation and, in
particular, of the ¢ — § identities connecting Ricci tensor to the identity one.
The second approach [29] to the derivation of Beltrami-Michell equations ba-
sically reformulates the above-mentioned identities in intrinsic form by means
of tensor identities which are very elegant but completely hinder the meaning
and the consequentiality of the several not-trivial steps required to achieve the
final result.

It is shown, on the contrary, that the approach illustrated in this disserta-
tion makes the whole procedure transparent though formally involved.

Basically, it is based on the extensive use of Gibbs calculus to formally
address gradient, divergence, curl and Laplace operator of vector or tensor
fields by applying the rules of tensor calculus to the field and to a fictitious
vector known as the V (nabla) operator by Hamilton.

A suitable extension of classical Gibbs calculus is presented in the disser-
tation by introducing an original definition of vector product between vectors
and tensors which is required to derive more elaborate results.

Following this approach the compatibility conditions for the infinitesimal
strain field as well as Bianchi identities can be derived elegantly and in a
straightforward manner. Moreover, invoking Rivlin identities [46], Beltrami-
Michell equations are obtained by a constructive approach in which any step
of the procedure follows naturally and consequentially from the previous one.

Accordingly, the dissertation is basically divided in two main parts. The
first one includes the above mentioned issues on differential calculus while
the second one is completely devoted to the tensor reformulation of Baldacci

approach to Saint-Venant problem and to the presentation of some original



results. The first one, as previously specified, is concerned with the explicit
derivation, in tensor form, of the displacement field, separately for axial force,
torsion, biaxial bending and biaxial shear. Since the reference frame is com-
pletely arbitrary no a priori use of the inertia principal directions is required

for addressing bending and shear.

The second original result presented in the dissertation is represented by
a frame-independent solution of the shear problem which, to the best of the
author’s knowledge, has not yet been proposed. For instance, the matrix
field used by Baldacci to implicitly define the shear stress solution does not
constitute the matrix representation of a tensor field. The same drawback
holds as well for the shear center in the sense that, differently from the centroid,
it is not yet available a frame-independent expression of the shear center; the
same comment applies also to the shear flexibility tensor and to the shear

factor tensor.

In the light of the considerations pointed out above, a solution method for
the determination of the shear stress field, alternative to the treatment by
Baldacci [6], is illustrated in the dissertation thus allowing to represent the
stress field, as well as the displacement one, in a completely intrinsic form.

The proposed formulation of the shear problem is based on the solution
of the Neumann problem associated with the shear stress field which is ob-
tained by exploiting an intrinsic particular integral of the differential problem
emerging from Baldacci’s approach to Saint-Venant problem. In this way the
representation obtained for the shear stress field, for the shear center and for
the shear flexibility tensor presents the advantage of being independent from
the particular reference frame and of being written in intrinsic, and hence
more synthetic, form.

As a final contribution the numerical solution of shear and torsion problem

is carried out by a novel BEM approach in which only the vertices of the cross
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section, assumed to be polygonal, need to be assigned. In this way the input
data required for analyzing the cross section subject to any kind of internal
force are identical to those traditionally employed for axial force and biaxial

bending.
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Chapter 2

Beltrami-Michell equation

In this chapter it will be shown that the basic set of differential relations of the
stress-based formulation of linear isotropic elastostatics can be derived by a
constructive approach based upon an algebraic path of reasoning. The result
will be obtained by extending Gibbs symbolic calculus to tensor fields and in-
troducing an original definition of vector product between vectors and second-
order tensors. In particular, an algebraic reformulation of the compatibility
condition for the linearized strain tensor, made possible by the exploitation of
Rivlin’s identities for tensor polynomials, allow one to derive Beltrami-Michell
equation by a direct approach. The same considerations do apply as well to

the Saint Venant compatibility condition and to Bianchi identity.

2.1 Background

Given a three- or two-dimensional inner product space V over the reals, one
denotes by Lin the space of linear transformation (second-order tensors) on V
, and by Lin the space of all tensors on Lin. Unless differently stated, elements
of V and Lin will be denoted respectively by lowercase, e.g. a, and uppercase,

e.g. A, bold symbols; furthermore fourth-order tensors, which represent the

13



elements of Lin, will be denoted by boldblackboard uppercase symbols, e.g.
A.

Well-known composition rules involving vectors and tensors are:
Ab-c=b-Alc=A-(c®b) (2.1)
where (+)! stands for transpose, and:
Ab®c)=Ab®c (b®c)A=bx A'c (2.2)

see, e.g., [29].

This chapter introduces in particular the definition of vector product be-
tween vectors and second-order tensors and presents some of its properties; in
addition some properties of tensor products between second-order tensors and
basic results of differential calculus for tensors valued functions of tensors will

be briefly reviewed.

2.1.1 Vector product of vectors and tensors

It is well-known [14] that there exists a one-to-one correspondence between

vectors and skew-simmetric tensors which is expressed by:
axb=W,b Vbe V. (2.3)

Assuming that the argument b in the previous relationship represents the

result of a linear transformation T : V — V one has:
a x (Sc) = W4(Sc) = (W,T)c Vee V. (2.4)

Since the left-hand side of the previous relation is linear in ¢, we can define
the vector product between a vector and a tensor as the linear operator a x T

fulfilling the property:

(ax T)c=axTc=(W,T)c Vee V. (2.5)

14



and we write:

ax T w,T (2.6)

It is interesting to notice that the i-th column of the matrix associated with
ax T in a cartesian frame is simply the vector product between a and the i-th
column of the matrix associated with T. Actually, recalling the composition

rule (2.2), one has:

3 3 3
axT=ax ZTeZ- ®Re; = Z(WaTei) ®e; = Z(a x Te;)) ®e;  (2.7)
i=1 i=1 i=1

This is exactly the definition reported, e.g., in [39].
Using the definition (2.6) one obtains an alternative way of expressing the

relation between a skew tensor and the associated axial vector:
W,=axLl (2.8)

We shall also denote by azial the linear operator which associates with every

skew tensor W, the relevant axial vector a, that is:
axialW, = a (2.9)
in particular, it turns out to be:
axial Wi = —axialW, (2.10)
Some additional properties stemming from the definition (2.6) are
ax(b®c)=(axb)®c (2.11)
an identity addresses in [2], and
ax(bxT)c=ax (bxTc) (2.12)
Furthermore, using the vector identity:

ax(bxc)=(a-c)b—(a-b)c (2.13)

15



one obtains:

ax(bxT)=(b®a)S—(a-b)S (2.14)

and its trivial specializations:

ax(bxI)=W,Wp=(b®a)— (a-b)l (2.15)

ax(axI)=W2=(a®a)— (a-a)l (2.16)

Exploiting the anticommutativity property of the vector product one gets

from (2.13) the further identity:
(axb)xI=b®a—a®b (2.17)
according to (2.8) the previous relation states that:
axb=—axialla®@b-b®a) (2.18)

Starting from the interpretation of vector product between vectors and

tensors provided in (2.7) a further product can be defined:

Txa™ _axT (2.19)
this amounts to set:
(Sxa)c=Scxa (2.20)
since:
Tcxa=-axTc=—(axT)c (2.21)

It will be shown in the next sections that the previous formulas, of purely
algebraic nature, are particularly useful to provide a simple derivation of dif-

ferential identities.

16



2.1.2 Tensor product of second-order tensors

Given A, B € Lin the tensor product A ® B, usually termed dyadic product,

is the element of Lin such that:
(A®B)C=(B-C)A =tr(B'C)A VCc Lin (2.22)

where the symbol tr(-) denotes the trace operator.
More recently Del Piero [19] has introduced an additional tensor product

A X B between second-order tensors defined by:
(AXB)C=ACB' VCeLin (2.23)

which will be referred to in the sequel as square tensor product. The previous

product allows one to represent the identity tensor I € Lin as:
I=IKI (2.24)

where I is the identity tensor in Lin. The following composition rules can be

shown to hold:
(AXB)(CXD)=(AC)X (BD)

(AR B)(C®D) = (ACB!) @D (2.25)
(A®B)(CXD)=A® (C'BD)
for every A, B, C,D € Lin

2.1.3 Derivatives

Let G : Lin — Lin be a tensor valued function of tensors. G is said to be
differentiable at A if there exists a linear transformation Da G(A), called the

derivative of G at A, such that:
G(A+B) - G(A) =DaAG(A)B]+ 0o(B) asB — 0; (2.26)

Da G(A)[B] represents the value of the derivative Do G(A) on the increment

B. If two tensor valued functions G and K are differentiable at A, their

17



product:
P(A)=G(A)K(A) (2.27)

is also differentiable at A and:
DAP(A)[B] = DAG(A)BJK(A)+ G(A)DAK(A)[B] (2.28)

Applying the definition (2.28) it is an easy matter to derive the following

derivatives of the powers of A:

Z
I

I=1IKI

(
DA(A?) = ARI+IRA?

(2.29)
Da(A?) = A’RIHIN (A% + AXKA?
(

AY) = ASRI+IN(AY +A2KAN+ AKX (A?)
which share an amazing symmetry in their expressions and are very easy to
remember. We shall also need the derivatives of the three invariants of a

tensor:
Ian=trA IIp= %[(trA)z — (trA2%)]  IIIp =det A
they are given in turn [59] by:
DA(IA) =1 DA(IIA) = IAT— A" DA(IIIp) = A* (2.30)
where the tensor A*, which fulfills the properties:
A*A' = A'A* = 1141, (2.31)

represents the cofactor of A.

2.2 The pseudo-vectorial operator V and symbolic

differential calculus

It is well-known [13, 26, 32, 38| that Gibbs notation [24, 25] allows one to ex-

press the most common differential operators by means of the pseudo-vectorial

18



operator V defined in a Cartesian frame by the expression:

V—ge —|—2e —|—ﬁe
T 9z ! oy 2T 920

where e1, es, €3 are unit vectors directed along the axes.

Introduced by Hamilton in [30], although with a different symbol, and
usually termed mabla operator, definition and properties of the V operator
have been recently extended to orthogonal curvilinear coordinates in [43].

Mainly after Gibbs [24, 25] it has become a common practice to denote the
gradient, divergence, curl and laplacian respectively by the symbols V, V-,
Vx and V- V.

Although the properties and limitations of V symbolic calculus are well es-
tablished, it will be reported hereafter, mainly for completeness, a comparative
presentation of Gibbs terminology and coordinate-free notation of differential
operators as well as some additional properties of symbolic calculus resulting
from the newly introduced definition of vector product between vectors and
tensors.

Referring to [29, 28, 21] for intrinsic definition of differential operators, the
symbolic counterpart for gradient, divergence and curl of (sufficiently smooth)

scalar, e.g. ¢, and vector, e.g. a, fields are given by:

d d d
oV 2 Vo & gradp a®V 2 grad a

def def
= a

wes (2.32)
-V =diva V xa = curla

V -.a

see also [3].
The extension of the previous definitions to the case of second-order tensor
fields A can be made on the basis of the intrinsic expressions reported in
[29] and of the definition of vector product between vectors and second-order

tensors:

AVvZava  vx AP wWeatY curla (2.33)

19



accordingly, we define:

V x (V x AV Y WoWea) Y Wy R We)A Y curlcwrlA  (2.34)

Finally, the laplacian A of a scalar, vector or tensor field is defined by:

(V- V)godéf divgradgodéf Ap (V- V)adéf divgradad;f Aa (2.35)
(V- V)A Y diverad A Y AA '

It is interesting to notice that (V-V)p can be formally obtained by applying
Gibbs definition of divergence to the pseudo-vector V¢ and considering the
scalar product of the two V’ s involved in the operation. Analogously, one
gets:

Aa = divgrada = (a® V)V (2.36)

by invoking the definition of tensor product between vectors [14, 29] on the
basis of (2.32)9 and (2.33);. A similar path of reasoning can be followed for
AA by defining:

AoV gradA (2.37)

as natural extension of (2.32)2.
Furthermore, by applying basic rules of vector calculus to the symbolic

vector V, the following identities can be shown to hold:

axV=-Vxa
V. (Vxa)=V-(axV)=a-(VxV)=0 (2.38)
Vx(a®V)=(Vxa)eV
Vx(Vea)=(VxV)®a=0
where a is an arbitrary vector field. Specifically, the first one is the anticom-
mutativity property of the vector product while the second one follows from
a well-known property of the mixed triple product; furthermore, the last two

relationships are based upon (2.11), the second one being zero since the vector

product of two identical vectors vanishes.
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As a consequence of the previous definitions, all standard vectorial identities
can be expressed symbolically in terms of V. However, in order to prove such
identities, special care has to be paid when applying the V operator to the
product of two fields since this definitively amounts to formally applying either

the product or the chain rule of differential calculus.

In this respect we quote the illuminating sentence reported at page 77 of
the second volume collecting the scientific papers by Gibbs [25]:
Gibbs rule - ... The principle in all these cases (i.e. composition of scalar
and vector fields) is that if we have one of the operators V, V-, VX prefized to
a product of any kind, and we make any transformation of the expression which
would be allowable if the V were a vector (viz. by changes in the order of the
factors, in the signs of multiplication, in the parentheses written or implied,
etc.) by which changes the V is brought into connection with one particular
factor, the expression thus transformed will represent the part of the value of

the original expression which result from the variation of that factor.

In order to extend the previous rule to tensor fields, in which the symbolic
operator ®V basically comes into play, we postulate the following:
Extended Gibbs rule - The composition of scalar, vector or tensor fields
postfized by the operator QV is carried out by complying with Gibbs rule and
bringing each particular factor into direct conmection with @V provided that
the resulting expression, representing the part of the original formula which
result from the variation of that factor, makes sense.

A practical application of the previous rules, with special emphasis on the
case of tensor fields, is provided in the Appendix A.

Finally it is reported a reformulation, expressed in terms of Gibbs notation,
of two classical theorems on solenoidal vector fields and irrotational tensor
fields. The reader is referred to [29, 21] for analytical details and the traditional

proof.
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Theorem on Solenoidal Vector Fields Let a be a class Ct solenoidal
vector field
diva=0 (2.39)

defined on a domain B having a boundary consisting of a simple closed surface.

Then, there ezists a class C vector field b on B such that
a=curlb (2.40)
A formal way to express the previous result is to observe that, being:
a=diva=V.a=0 (2.41)
the vector field a has to be perpendicular to V. Thus a has to be of the form:
a=V xb=curlb (2.42)

what represents the statement of the theorem.
Theorem on Irrotational Tensor Fields Let B be denote a simply-

connected domain and A a tensor field of class C™ (N > 1) on B that satisfies
curlA =0 (2.43)
Then, there exists a single-valued class CV ! vector field a on B such that
A =grada=a®V (2.44)
A formal way to reformulate the theorem is to apply the condition
curlA =0 (2.45)
to an arbitrary (constant) vector field b. We thus get, by means of (2.33)2
(curlA)b=0 < WyA'b=0 & VxAb=0 (2.46)
The last relation implies that A’b has to be parallel to V, i.e.:

A'b = aV (2.47)
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for some «. Being the vector field b arbitrary, it has to be
A=a®V (2.48)

for some vector field a.

The previous review and the examples reported in the Appendix A illustrate
the basic rules and properties which have to adopted in the application of V
symbolic calculus.

Additional results stemming from the definition of vector product between
vectors and rank-two tensors introduced in subsection 2.1 as well as a conve-
nient reformulation of the symbolic operator Wy X Wy appearing in (2.34)

will be presented in the following sections.

2.3 Compatibility

To show a first application of the results presented in the previous section we
shall prove the well known compatibility theorem ensuring the existence, in a
simply connected body, of a single-valued displacement field u associated with

a given strain field through the strain-displacement relation:
1 1
E =symgradu = 3 [gradu + (gradu)'] = 3 (ueV+Veu). (249)

In particular, we shall provide two separate proofs of the theorem: the first
one is more constructive but unavoidably longer than the second one; in turn
this is particularly compact once the properties of Gibbs symbolic calculus are
properly mastered.

Compatibility Theorem The strain field E associated with a class C* dis-

placement field satisfies the equation of compatibility:
curlcurl E = 0 (2.50)

Conversely, given a class C™N (N > 2) symmetric tensor field E on a simply-

connected body B, the fulfillment of (2.50) is sufficient to ensure the existence
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of a single-valued displacement field u of class CNt1 on B such that E and u
satisfy the strain-displacement relation.

Proof Necessary condition (Long version) We have to prove that a symmetric
tensor field expressed in the form (2.49) fulfills the compatibility condition
(2.50). To this end let us re-write the strain displacement relation in the

equivalent form:

E+W=gradu=u®V (2.51)

and take the curl of both sides:
curl E + curl W = V x (u® V)" (2.52)

According to (2.38)4 the right-hand side of the previous relation vanishes so
that:
curl E = —curl W (2.53)

Thus we are led to evaluate the curl of a swek-symmetric tensor; on account

of (2.33) and (2.15) it is given by:
curl W= -WgW = (w-V)I - (w® V) = (divw)I — gradw (2.54)

where w is the axial vector associated with W.

Since, by definition:
1
W:§(u®V—V®u) (2.55)
we get from formula (2.18) and property (2.38);
. . 1 1 1
w = axial W = axial §(u @V -Veu)|l = —gux V= §curlu (2.56)
Accordingly:
. 1. 1
divw = §d1V (curlu) = §V (Vxu)=0 (2.57)

on account of (2.38)s .
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The previous result, combined with (2.53) and (2.54) yields finally:
curlE = gradw =w® V (2.58)
so that making the curl of the previous result yields finally
curlcurl E = curlgradw = Vx (W@ V) = (Vx V)@w =0 (2.59)

where property (2.38)4 has been invoked.
Proof Sufficient condition (Long version) We have to prove that, if a class

CN (N > 2) symmetric tensor field E fulfills the property:
curlcurl E = 0 (2.60)

it admits the representation formula (2.49) where u denotes a single-valued

class CV*1 vector field. Setting:

A =curlE (2.61)
the compatibility condition is written equivalently:

curlA =0 (2.62)

The theorem on irrotational tensor fields, see section 2.2, ensures that, in

a simply-connected domain, it exists a single-valued vector field a € CV such
that:

curl E=A =grada=a®V (2.63)

Recalling (2.54) it is natural to consider the curl of the skew tensor W, asso-

ciated with a:
curl W, = (a- V)I — (a® V) = (diva)l — grada (2.64)
so that the sum of (2.63) and (2.64) provides:

curl E 4 curl W, = (diva)l (2.65)
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On the other hand, we get from (2.63),
tr(a®@ V) =tr(curlE) = tr (WyE") = Wy -E =0 (2.66)
due to the orthogonality between skew and symmetric tensors. Hence
diva = tr (grada) = tr (a®@ V) =0 (2.67)
In conclusion, formula (2.65) supplies
curl (E+W,) =0 (2.68)
what ensures, in a simply-connected domain, that
E+ W, =gradu (2.69)

the symmetric part of both sides provides finally the strain-displacement rela-
tion. Finally, the relation between W, and u can be inferred as in the proof
of the necessity by tracing back formulas from (2.51) to (2.56).

Let us now provide a shorter version of the previous proof.

Alternative proof of the compatibility theorem

Necessary condition (Short version) The necessity of (2.50) follows by con-
sidering the curl of the strain-displacement relation (2.49). Specifically, invok-

ing definition (2.33) one gets:
1
curlE = §curl[(u @V)+(Veou)=
1 i1 t
1 1
=-V x (V®u)—|—§V>< (ue V).

2

which, on account of (2.38)4 becomes:

1 1 1
curl E = §(V x V) ®u—|—§(V xu)®V = §curl(u®V) =w®V =gradw.
(2.71)
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Thus, the curl of the previous relation yields:
1
curl curl E = curl gradw = V x (w® V)! = §(V xV)ow=0 (2.72)

Sufficient condition (Short version)
The first part of the proof is similar to the one reported in the long version

till formula (2.63). Thus, taking the trace of (2.63) one gets:
diva=a-V=tr(a®@ V) =tr(cwrlE) = tr( WyE') = Wy -E =0 (2.73)

since E is symmetric and Wy antysimmetric.

Hence, the theorem on solenoidal tensor fields, see section 2.2, yields:
a=Vxb (2.74)
which can be substituted in (2.63) to provide:
VXE=curlE=(Vxb)aV=Vx(baV). (2.75)

on account of property (2.38)3 . Invoking (2.38)4 and being E symmetric one
infers,

E=u®V+Veu (2.76)

where u=b/2

For the purposes of this treatment it is more convenient to reformulate the
equation of compatibility (2.50) by means of the definition (2.34). To further
emphasize the algebraic character of such an expression we report the matrix
representation of the symmetric second-order tensor (curl curl E).

Specifically, invoking formulas (7.10) and (4.45) reported in the appendix
B, we deduce that the six compatibility conditions in a cartesian frame can be
obtained in a straightforward manner by performing a row-by-column product

of the symbolic matrix [Wy X W] by the column vector [E] to obtain:

[curlcurl E] = [0] <= [Wy X Wy]E = [0] <=
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0 D33 Doys 0 —2Do3 0
D33 0 D1y 0 0 —2Dq3 Eqq
Es9
Doy D1y 0 —2D12 0 0
Es3
_ 0] (2.77)
0 0 =D —D33 Dz Das Epo
E3q
0 —Da3 0 Do3 D2 —Das ) .

having introducing, for clarity

62
Dij N 6:13@6333

1,j=1,2,3

Stated equivalently, compatibility equations can be formally obtained by a

trivial matrix multiplication.

2.4 Bianchi identities

To get further evidence of the usefulness of the symbolic calculus presented
in subsection 2.2 it is shown how the so-called Bianchi identities [56] can be
obtained by straightforward manipulations of purely algebraic nature.

The usual way of introducing Bianchi identities in classical textbooks of
continuum mechanics is to observe that the six differential relations embedded
in the compact notation curl curl E = 0 are associated with three displacement
components. This is the hint to realize that the six compatibility conditions
have to be subjected to three independent relations.

Using Gibbs notation Bianchi identities follow immediately:

div(cwlewlB) = (WyEWQ)V = (WeB)(WoV) =
=-WyE(VXxV)=0
since the vector product of two V’s vanishes as in ordinary vector calculus,

see also (2.38)2 and (2.38), .

28



Invoking the matrix representation (2.77) of (curl curl E) and the definition
(2.33) of divergence of a tensor, the first one of the three Bianchi identities

can be explicitly written as follows:

OEyy  03Esg 5 03 Es3 PEy3  PEp  PEx
Ox10x3  Ox1023 0x10x20x3 01902102 Ox9023  Ox20x3071
N O®Ens 9®Es O®Erp 9®Eas O*Ens 0

8:13%8333 8:1338:1316:133 B 8:1338:1326:133 8:1338:1316:132 B 8;1338:13% B

while the remaining ones are obtained by cyclic permutation of the indices.

2.5 Rivlin identities

Stress-based elastostatics takes its steps from a convenient reformulation of
the compatibility condition (2.50). The task is however not trivial since an
adequate mastership of € —  relationships or intrinsic tensor identities are
required to convert the rather akward expression curl curl E in a more tractable

form. For instance the following identity is reported in [28§]

curl curl E = 2 sym grad (div E) — AE+
—grad grad (tr E) 4+ [A(tr E) — div div EJI

For this reason, within the framework of the symbolic differential calculus
illustrated in the section 2.2, it is presented a different approach which is based
on the systematic use of Rivlin identities for tensor polynomials [46].

Originally derived for modeling the constitutive behaviour of isotropic ma-
terials, Rivlin identities have been recently employed for representing the class
of solution of a tensor equation [50] occurring in several branches of continuum
mechanics and for deriving the constitutive algorithm of isotropic elastoplastic
models depending upon all the three invariants of the stress tensor [41]. For
additional applications of Rivlin identities the reader is referred to [37].

To make the thesis as complete as possible, one provides a derivation of
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such identities, much simpler than the original one [46], based upon an idea
by Itskov [31].

To be more precise a restricted class of identities is presented, namely the
one containing only products of two tensors. Actually, the original derivation
by Rivlin was concerned with expressions involving products of three, and
even more, second-order tensors.

Although the conceptual framework exploited in our derivation is common
to the three identities, they will be considered separately in order to simplify

the subsequent cross-reference.

2.5.1 First Rivlin Identity

As originally proved by Itskov [31] the first Rivlin identity can be obtained
by differentiating the Cayley-Hamilton identity for an arbitrary element A €
Lin:

A3 —TAA? £ TIAA —ITIAI =0, (2.79)
In this respect we first notice that, taking the transpose of the previous relation
and invoking (2.31), the derivative of the third invariant ITIa, provided by

(2.30)3, can be equivalently expressed as:
DA(ITIA) = (A% — IpAA + TIAT) (2.80)
so that the product rule (2.28) and the formulas (2.29)- (2.1.3) yield:

DA(IAA?) = A?2QI+IA(AXNI+IXAY

DA(ITAA) = A® (IAI - AY) + IIA(IRT) (2.81)

DA(IIIAI) = I® (A2 —IAA —I—IIAI)t
Thus, the derivative of the Cayley-Hamilton identity supplies:

A’RI+IR (A + ARA - A?RT - IA(ART+ IR AN+

+IA(ARD) A @ A+ TIA(IKI) ~I® (A?)' + IA(IQAY) —TTA(I®I) =0,
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which is rewritten as follows:
ARA' —AQA = —[A?RI+INK (A% +[A2QI+1® (A%)]+
+IA(ART+IXAY —IA(A®I—|—I®At)—|—

—IIA(:[gI) —|—IIA(I®I) .
(2.82)

in order to separate the term A X A’ needed in the ensuing developments,

and to emphasize the symmetric role played by the square and dyadic tensor

products.

2.5.2 Second Rivlin Identity

Let us now differentiate Cayley-Hamilton’s identity (2.79) multiplied by A:
AY —TAA3 + TIAA? — TTIAA =0, (2.83)

Similarly to (2.81) one now obtains:

Da(—IAA3) = —A3QI-Iz\[A’RI+IN(A?)! + AKX AT
DA(ITpAA?) = A2@ (IAT— AY) 4+ IIA(ARI+ IR AL (2.84)
DA(—ITIAA) = —A® (A2 —TpAA +TIAI) — TTIA(IRT) .

Substituting in the previous formulas the expression:
A3 = TAA? — TIAA 4 TTIAT

stemming from (2.79), one finally infers:

IANARA'—A@AY) = [A2RA!+ AR (A
—[AZ® Al + A® (AY)1+ (2.85)
ITTA[IRD)—-(I®I)]

2.5.3 Third Rivlin identity
Differentiation of Cayley-Hamilton identity (2.79) times A2

A® —TAAY + TIAA? — ITIAA? =0, (2.86)
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yields:

IIA(ARA - A® A = A2 (A2 — A2® (A2)t+
ITIA(ART+IR A4 (2.87)
~AQI-I®AY

which represents the third Rivlin identity.

2.6 Specialization of Rivlin identities to the case of

skew-symmetric tensors

At this stage it is useful to remind that, in view of its applications to stress-
bases elastostatics, our objective is to provide an alternative expression for
the compatibility condition (2.50). Since this last one is formally expressed in
terms of the symbolic operator Wy Xl W it is quite natural, by examining
the formulas (2.82), (2.85) and (2.87) to apply Rivlin identities to the tensor
Wy.

However, in consideration of the general properties holding for an arbitrary

skew-symmetric tensor W and the associated axial vector w [14]:
Iw=1IIw=0;, Ilw=w-w (2.88)

the second Rivlin identity, e.g. formula (2.85), is not useful for these purposes.
In particular one shall make use of the first identity, which specializes as

follows:

Wyl Wy =[WLRI+IRNWE] - [WERI+I0 W3]+ Wy Wyt

+(V-VIRI-I®I],
(2.89)

since it is simpler to use in the derivation of Beltrami-Michell equation, an

issue addressed in the next section.
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2.7 Field equations of linear isotropic elasticity

The basic system of field equations of linear isotropic elastostatics consists of

the strain-displacement relation (2.49):

E = symgradu :% (@ V)+(Vaou) . (2.90)
the stress-strain relation:
S = DE (2.91)
and the equilibrium equation:
divS+b=SV+b=0 (2.92)

where the rank-four tensor D represents the elastic operator, S the stress tensor
and b the body force field per unit volume.

Assuming linear isotropic elasticity it turns out to be:

D=2G(IKI) +AI®I) (2.93)

where G and A denote the Lamé moduli.
Provided that the displacement field u is sufficiently smooth, the equations

above imply quite naturally the displacement equation of equilibrium:

[D(w)]V +b =0 (2.94)

Specifically, if the body is inhomogeneous, the equation above takes the

following form in Gibbs notation:

GueaV+Vau +A(u-V)IV+b=0 (2.95)

Thus, recalling formula (7.1) in the appendix:

(WeV+VeuVGE+GueV+VeuV+[A(u-V)V+b=0 (2.96)
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Applying formally the definition of tensor product to the second addend

and invoking formula (7.4) in the appendix for the third addend, one has:

(ue®V+VeauVGE+GEV-V)u+G(u-V)V+ (2.97)
+VA(u-V)+A(u-V)V+b=0

Upon rearranging, the displacement equation of equilibrium is finally arrived

at:

GAu+ (G + Mgrad divu + [gradu + (grad u)/Jgrad G+ (2.98)

+(divu)grad A +b =0

an expression which reduces to Navier’s equation in the case of homogeneous
bodies [29].

In particular, Navier’s equation is usually exploited [29, 56] to prove the
biharmonicity of the displacement field associated with divergence-free and
curl-free body force fields b together with additional properties concerning

divu, curlu, trE and trS.

As opposite to the straightforward and natural derivation of (2.98), the
basic equation of elastostatics expressed in terms of the stress tensor, known as
Beltrami-Michell equation or stress equation of compatibility, is considerably
more cumbersome to derive. It is classically obtained by exploiting properties
of the Ricci alternator, as in [38, 56, 36], or by using differential identities
which, though elegantly expressed in tensor form, are far from being intuitive
[29].

It is shown, on the contrary, that the proposed approach based on the use
of Rivlin identities, is considerably more constructive since it allows one to
derive Beltrami-Michell equation by purely algebraic manipulations in which

each step follows quite naturally from the previous ones.
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2.8 Beltrami-Michell equation

To start with let us first invert the elasticity tensor (2.93) by writing:

_1—1—1/ v

D! IeT) (2.99)

(IXI)

in terms of the Young modulus E and the Poisson ratio v. Thus, the fun-
damental system of field equations governing the elastostatic problem of a

homogeneous linear isotropic body can also be written as:

SV+b=0 equation of equilibrium
E = [HT”]I - #I® I)] S linear isotropic constitutive law (2.100)
(WyXWg)E=0 equation of compatibility

By substituting the second relation above in the third one:

1+v

(Wy K WV)S—%(WV NWy)ID)S .

and invoking the composition rule (2.25)9 for the second addend:
(WyBWy)I01) = WgW5Hel = -Wiel (2.101)

the set of equations (2.100) becomes:

SV+b=0 equation of equilibrium
(2.102)

(Wy X WV)S—I—ﬁ(WzV@I)S =0 stress compatibility

It is apparent that, in order to derive a unique formula expressed in terms of

the stress tensor, one needs to provide alternative expressions for the symbolic

tensors (Wy X Wy) and W%, ® I which explicitly contain the term SV
appearing in the equation of equilibrium.

In this respect we first invoke (2.16) to write:
W, =VaV-—(V-VI (2.103)

so that:

(W%, 2I)S = (Ve V)trS — (V- V) (trS)I (2.104)
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The additional term (Wy X Wy )S which appears in (2.102) can be mod-
ified by invoking the specialization of the first Rivlin identity to the case of
skew-symmetric tensors see, e.g., formula (2.89). Thus, on account of (2.103)

one gets:

(WyXWy)S = (VoV)S+S(Ve V)+
_ AV.V)S— (V& V)uS+
L (VeV) SI+2AV-V)uS)It  (2.105)
L (We-S$)Wy + (V- V)S+
(V) (0S)

where the definition of dyadic and square tensor product between second-order
tensors has been exploited see, e.g., (2.22) and (2.23).

Observe that the quantity Wy - S vanishes owing to the skew-symmetry
of Wy and the symmetry of S so that, by invoking the properties (2.1) and

(2.2), the previous expressions become:

(Wy X Wy)S = V@SV +SVaV —(V-V)S+
— (Ve V)trS — (V-SV)I+ (2.106)
+ (V-V)(trS)I

Thus, recalling (2.104), the stress compatibility condition (2.102)2 assumes

the form:

1
VeS8V +8V@V - —(V® V)(us)+

+v

: (2.107)
~(V-V)S 4 1= (V- V)(uS)L - (SV - V)L =0
The previous expression contains the terms (V®SV), (SV@V) and (V-SV).

Since the trace of the formers coincides with the latter it is natural to evaluate

the trace of the previous relation, to obtain the identity:

(V- V)(trS) = 1*”

(SV - V). (2.108)

— vV
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Substituting the previous expression in (2.107) provides:

1
(V-V)S + %(sv V)=

(2.109)

which, on account of the equation of equilibrium (2.100); yields finally:
1
AS+ (V@ V)(uS) +baV + Vab ﬁ(b W)I=0 (2.110)
which represents the classical expression of the Beltrami Michell equation.

In a cartesian reference frame, equation (2.110) writes as follows

%;’Zy + aa;zy + 882:2@/ + l—i%v (Uz;;zy‘iﬁz) 1_ <8bz aby %%) _ 2%%
aa;y + ayzy + 8sz + liv o (U%Zgz—i—UZ) = aby aabmy
T S S e = G G
o+ e s B PO g
(2.111)
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Chapter 3

Saint Venant problem

The strategies for the general direct solution of Saint-Venant model for cylin-
ders with arbitrary cross section can be basically classified into two categories
known as displacement approach and stress approach according to the selected
unknown primary field and to the corresponding governing equations.

For what concerns the displacements approach [36], based on Cauchy-
Navier equations, the general solution was provided in the original work by
Barré De Saint-Venant [4] and by Alfred Clebsch [17] while a stress-based gen-
eral solution of Saint-Venant rod theory was presented by Riccardo Baldacci
[7] more than a century after the original paper by Barré De Saint-Venant.

Although the research is currently focused on Saint-Venant-like models en-
riched by additional complexity factors with respect to the classical problem
[10, 12], some basic issues of the homogeneous isotropic model are still object
of study and debate in the scientific community. These are concerned, in par-
ticular, on the solution of the shear problem and on the proper definition of
shear factors [54, 27, 44, 45|, giving rise to very recent contributions as well
[35, 22].

As well known, regardless of the selected approach, the complete solution

in terms of displacements and stress fields for rods of generic cross section can
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be represented by means of explicit analytic expressions only partially. Actu-
ally some terms associated with torsion and shear embody auxiliary functions
which are solution of Dirichlet or Neumann problems related to the cross
section domain; this is true with the exception of sections having particular
geometries for which a closed-form solution exists.

With special reference to the shear problem a further difference distin-
guishes the solutions available for this load case from the ones concerning ax-
ial load, biaxial bending and torsion. In these last cases, a frame-independent
representation for the displacement and the stress field is still available since
geometrical quantities which the solution depends upon are solely expressed
by means of vector and tensor fields.

For instance, it is well known that for bending and axial load the integral
quantities that characterize the dependence of the solution on the section
geometry are the first area moment and the inertia tensor. These quantities
in turn are defined as domain integrals extended over the section of the position
vector and of its tensor product. Actually, as illustrated in section 7.3 of the
appendix, the second order tensor associated with the matrix introduced by

Baldacci in [6, 7] changes as function of the adopted reference frame.

3.1 Saint Venant hypothesis

As well known Saint-Venant rod theory refers to a linearly elastic isotropic
cylinder of length [ and cross section domain €.

A generic point of the cylinder is individuated by a position vector p whose
coordinates, (x,vy, z), are expressed in a Cartesian reference frame having ori-
gin in the centroid of one of the terminal bases; the coordinate z is directed
along the cylinder axis whereas z and y denote the coordinates referred to

arbitrary orthogonal axes in the cross section. The unit vectors associated
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with the coordinate axes will be denoted by i, j, k, respectively.

| : |
\\
\
} z Kk
AT T T T T T T -~ >
// | /I TZX
X : , o,
TZ
y
e yl
i

Since some properties of the section such as the inertia tensor are defined in

the cross-section, it is useful to introduce the vector

r=p-—(p-kk

which represents the projection of the position vector in the cross plane.

Let us consider that the body-forces b and forces per unit area q on the

lateral surface €2; are equals to zero:

b=0 Vpe
(3.1)
q=0 Vpeiy
It is also assumed a plane stress state:
Op =0y =Tgy =0 (3.2)
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3.2 Stress field in the Saint-Venant theory

Differently from the classical contributions to the Saint-Venant problem, mainly
based on the displacement approach, in this work it will be referred to Bal-
dacci’s treatment. This author proposed an elegant and concise solution based
on a stress approach which, as such, takes its steps from Beltrami-Michell
equations [9, 40].

It is possible to derive some preliminary information on the stress field by

substitution of (3.2) in (2.111). In fact, in the light of (3.2) one has

0* oy +oy+0.) %o,

z2) Ox? = ox? 0
0%(o, + oy +02) 020,
(3.3)
) 0?(0, ‘oyt+o.) D%, _o
4 0xdy - Ozdy
e, 0%, 0%, 1 0%, 2+4vdo,
22) + + + = =

Ox? Oy? 022 14v 022 14v 022

By the first three equations of (3.3) one observes that o is a linear function

in z and y, so that the fourth one entails that o, is also a linear function in z:

o, =ap+g-r+ (I-2)(bo + gT) (3.4)
where ag, by,
9z Gtz
=1 gy 8 = | giy
0 0

constitute a set of six unknowns scalars to be evaluated as function of the

stress resultants applied on the end sections of the beam.
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Substituting (3.2) in the equilibrium equation (2.92) provides:

0oy asz 0Ty . 0Ty B
ox oy 0z 0z
0Ty % Oty  O1y 0
ox oy 0z 0z
0T  OTyy 0o, 0

ox oy 0z

(3.5)

the first two equations of (3.5) imply that 7., and 7., are independent of z,

while the third one is written as

divr=V.71=—

Jo,
0z

where 7 is the vector parallel to zy plane whose component are:

T =

Trx

Tzy

0

(3.6)

On account of (3.5); and (3.5)2, the other two compatibility equations of

(2.111) become

) 0?1, 0’1, 0T 1 0%, B 0’1, 0’7o 1 0%, _0
T2 g2 Oy 072 14+v0z0x  Ox2 Oy? 14+v0z0c
827'Zy 827'Zy 827'Zy 1 0%, 827'Zy 827'Zy 1 9%,
yz) — e
Ox? Oy? 072 1+ v 020y Ox? Oy? 14+ v 020y
(3.7)

In a vectorial form equations (3.7) can be equivalently expressed as

divgradT = — 7

Jo,
0z

where o/ =

grado’ |

1%

Moreover, by deriving (3.4) with respect by z one gets the following com-

patibility equation:

o' = (=bg+ g r) = grado’ = —g;
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Thus, substitution of (3.9) in (3.8) yields

1
1+v

divgradr = gt -

The scalar constant by in (3.4) turns out to be zero if the coordinate system

is barycentric. In fact, accordingly to Gauss’ theorem and (3.1), hypothesis

/T-nds:0:>/div7'da:0 (3.10)
0A A

since the substitution of (3.6) and (3.9) in (3.10) yelds

/(bo—l—gt'r) da = 0 (3.11)
A

the scalar constant by is null being also null the first moment of inertia of the

/rda:O .

A

section respect on the centroid:

Resuming, the stress field solution of the Saint Venant problem in a barycen-
tric coordinate system is provided by a scalar component o, and a vector T

fulfilling the following properties
o,=ap+g-r+ (I —2)gr compatibility

divr =g, r equilibrium (3.12)

divgrad T = gt compatibility

1+v

and 7 -n = 0 on the boundary of the section.
Now it will be shown how an appropriate combination of the compatibility
equation with the equilibrium equation allows one to rewrite (3.12) in a more

convenient form.

divr =g, r raddivr =
St 8 8i (3.13)

divgrad 7 :H% gt divgrad 7 :H% gt
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Subtracting the two equation in (3.13) one obtains

1
grad div 7—divgrad 7 = (1 1T 1/> 8 =7 j_ygt = Ugy. (3.14)

Invoking the triple vector product, see e.g.,

(V- 1)V—(mV)V=(V-7)V—(V-V)r=V x(V x7)=curlcurl 7

that is

grad divT—div grad T = curl curl 7 (3.15)

so that equation (3.14) can be equivalently written as
curl curl 7 = vg; (3.16)
Due to properties (3.5); and (3.5)3 curl 7 is parallel to k, so that one has:
curlT =Vx1=(kok)Vxr=(Vxr -kk. (3.17)

Accordingly, it turns out to be

curl curlt =V x (Vx7)=Vx[(Vx7-kk|= 515)
= -k x (V x 7-k)V = W}grad (curl 7 - k)

substituting the previous relation (3.18) in (3.14) one has
Wi grad (curl 7 - k) = vgy = curl T -k = 0(Wyg; - 1) +c.

where c is an arbitrary scalar
In conclusion, the stress vector 7 solution of the Saint Venant problem can

be turned out by resolving the following linear differential problem:

divr=7-V=gr equilibrium
' (3.19)
(curlT), =(V x7) -k =0Wgg;-r+c¢ compatibility
with boundary conditions
7-n=0. (3.20)
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expressing the condition of stress-free lateral surface.

The linearity of the previous problem naturally prompts for a staggered
solution scheme depending on the fact that g; is equal to or different from
zero. In order to separate the solution of the tangential stress field into shear
and torsion stress, the previous system can be written as the sum of the two

following systems:

Ttor -V =0 Tsh*V=gT (321)

(VX Tr) - k=c (VxTg) - k=0Wyg;-r

The solution of the relevant differential problems have been suffixed by
‘tor’ and ‘sh’ to emphasize the fact that they are associated, respectively,
with torque or shear. In particular it will be show in this last case that g; is

directly associated with the shearing force t;

3.3 Stress field associated with torsion

The solution of the differential problem (3.21); is further decomposed in the
form

Ttor = Tgor + Tfor (322)

where 79 is the solution to the homogeneous system

Tgor V=0 (3 23)
(Vx79 ) k=0
whereas 77 is a particular integral
™. V=0
tor (3.24)

(Vxtl V- k=c

To solve (3.24) the two equations are written in a more convenient form:

T;for'v = Wk(chTi)or)'V =k x (WiT?OT)'V = _VX(WliT?or)'k = —curl (Wic’ri)or)'k
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VXTfor'k:TforXk'v:(wi{rfor)'v

thus, one obtains

curl (Wir? )k =0

t (3.25)
(Wkaor) V=c.
From the second equation in (3.25) it turns out to be
t__p ¢ p c
(Wi Tior) = §r = Ttor = §ka (3.26)

The solution of system (3.23) is a scalar harmonic function ¢y, so that

C C
Tgor = §grad Ptor = §<Ptorv (3.27)

The solution to the homogeneous differential problem (3.23) amounts to find-
ing a harmonic potential ¢y, hence satisfying the condition (V - V), = 0,
with prescribed directional derivative along the boundary 9f). Being

T?m ‘n=-70 -n (3.28)

on account of (3.23) and (?7?), the homogeneous differential problem can be

equivalently formulated in the form

(V-V)oror =0 in the interior of Q
(3.29)
c
(Ptor ® V)n = —§Wkr on the boundary 92
Hence on account of (3.27) and (3.26), (3.22) became
c c
Ttor = §<Ptorv + §Wkr (330)

in which 74, represents the term of tangential stress associated with torsion.

3.4 Frame-independent representation of the stress

field associated with pure shear

Similarly to the previous section, the solution of differential problem (3.21)

is additively decomposed in the form

Tsh=To, + T2, (3.31)
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where 7Y, is the solution to the homogeneous system associated with (3.21),

TV =0 (3.32)
(Vx7%) k=0
whereas Ti’h is a particular integral of the non-homogeneous problem
™ V=g r
sh ' (3.33)
(Vx7t) k=0Wgg 1
System (3.21) is supplemented by the boundary equation on 952
Tsh -0 =0. (3.34)
expressing the condition of stress-free lateral surface.
To obtain a frame-independent expression of 7%, it is set
T = APg, (3.35)
where
AP =[a(r@r) + B(r - 1)I] (3.36)

whereas o and 3 are algebraic constants to be determined so as to fulfill (3.33)
and T is defined as
I=I-k®k (3.37)

Substituting (3.35) in (3.33) and computing the divergence and the curl
of the monomials appearing in the expression (3.36) of AP by means of the

formulas

ror)g V=g ror)V=glrr -V)+ (e V)=
=gi(2r+r)=3g; -r

(ror)g V=g (rr)V=2g r (3.38)

{(ror)g xV}-k=[(r-g)rx V] -k=kxr-g =g-ry

{l(r-r)ge) xV} k=g x2r-k=-2k xr-g =-2g 1,
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the following system in the unknowns coefficients o and ( is arrived at

3ag;-r+20g r=g;-r

(3.39)
agy-rt+ f(-2g 1) =7
The solution of the linear system above provides finally
1+v 1-3v
- = 3.40
o=l 5210 (3.40)

so that the term AP turns out to be defined by the following tensor expression

14+ v 1-3v
= ZV(I'®I')+ 81/

AP (r-r)I, (3.41)

whose matrix representation is

ar? + B(x? + y?) azy 0
[AP]y = oy ay? + Bz +y?) 0 (3.42)
] 0 0 0 |

Consequently, the contribution to the tangential stress field associated with
the particular integral 7%, , solution of the differential problem (3.33)-(3.34),

turns out to be

, 14w 130

Tsh = 74 (r-gr+ (r-r)g (3.43)

The solution to the homogeneous differential problem (3.32) amounts to find-
ing a harmonic potential ¢y, hence satisfying the condition (V - V)pg, = 0,

with prescribed directional derivative along the boundary 9f). Being

79, n=-7"-n (3.44)

on account of (3.34) and (3.31), the homogeneous differential problem can be
equivalently formulated in the form
(V-V)psp =0 in the interior of Q

(3.45)
(psh ® V)n = —APn  on the boundary 02
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Let us observe that due to the special form of the boundary term, the potential
psn depends on gz, and hence on the applied shear t so that this field does not
have a pure geometrical nature, as it happens for the quantities ¢4, AP and
Ja, associated with pure torsion, bending and axial load, respectively, which
depend solely on the geometry of €.

For this reason, to state a problem equivalent to (3.45) exploiting a field

that has an exclusively geometrical nature one set

Ysh = - gt (3.46)

where the harmonic nature of g, is carried over to ¥, (V - V)y = 0. By

virtue of (3.46) the boundary condition (3.45)2 can be written as
[(¢-g)V] n=—Afg;-n
(Ve)g-n=—g; (AP)'n (3.47)

g (P V)n=—g; (AP)'n

finally one obtains
g [( ® V)n+ (AP)'n] =0 (3.48)

Since the previous expression holds for any g;, the term under square brackets
must be zero and the boundary condition (3.45)s can be equivalently expressed

as

@oVn=—An=—|""Zren+ LY

(r-r)I|n (3.49)
To sum up the harmonic vector field ) is defined, up to a constant vector, as

the solution of the following Neumann vector problem

(V- V)¥v=0 in the interior of
(3.50)

(¥ ® V)n = —APn on the boundary 92

The tangential stress field associated with the shear force t is given by

Tsh = (V@) g + AP (r) g (3.51)
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3.5 Tangential stress field

The solution to differential system (3.21) is obtained by summing (3.30) and
(3.51)

C

T :Ttor+Tsh:(V®¢)gt+AP(r)gt+2

C
‘;Dtorv + §Wkr =
(3.52)

— [V o+ AP (r)]g + g(gotmv + War)

Notice from the previous formula that the tangential stress field 7 is defined

only by purely geometrical entities

3.6 De Saint Venant stress field expressed in terms

of internal forces
Combining first equation in (3.12) with (3.52) gives

o, = ay+g-r+(l—2)gr

. (3.53)
T = [Voy+AP(r)|g + §(¢torV + Wkr)

Notice from (3.53) that the stress field depends on ag, g, g, c. This section
illustrates relations between these constants and the internal forces in order
to obtain an expression of the stress field that depends on these parameters.

Equilibrium equation to translation with respect to z direction gives

Nk:/ ada:/ ok da =
A A

:[ao/ da—l—g-/ rda—l—(l—z)gt-/ rda]k:aoAk
A A A

N
=" (3.54)

thus

while, equilibrium equation to translation in the plane z, y is expressed by

tsz/ T da (3.55)
A

51



In order to develop integral in (3.55) on the boundary it is illustrated the

following property
r7)V=>-V)r+(r-V)r=7+4+(7-V)r (3.56)
that can be simply verified by writing in indicial form
(ri7j)s = Ting T + TiTjoj = 0ijTj + TiTjj = Ti & TiTjsj
thus, in the light of (3.56), equation (3.55) become
ts = / div (r ® 7) da — / r(divr) da =
A A

_ /aA(r ® T)n ds — /Ar(gt-r) da = (3.57)

_ /aA(T ‘n)rds — /A(r @ r)gida

The first integral is equal to zero according to boundary condition 7 -n = 0,

hence from (3.57) one has
to = —Jog < g = —JI't, . (3.58)
Equilibrium to rotation with respect to x and y axes gives
my(z) = /Ar x o,k da = /Ar X (ap+g-r+ (I —z)grr)kda =

:ag/ rdaxk—l—/ rx(g-r)kda—i—(l—z)/ r x (grr)kda=
A A A

C ok (/A(g.r)rda+(l—z)/A(gt-r)rda> =

=Wt (/Ar®rda> g+ (I —2)g] =

= Wi (Jog + (I — 2)Jgg) = Wi (Jeg — (I — 2)ts)
(3.59)

hence

my(z) = Wi (Jag — (I - 2)t;) ;
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having set

mf(l) = 1my

one has

m; = Wf{Jgg =g = J(‘;lwkml ,
mf(z) =my + (l — Z)Wkts .

Moreover equilibrium to rotation with respect to z axis gives
mt:/rxrda:</ Wkr-Tda>k (3.60)
A A
by observing that both r and 7 are orthogonal with respect to k
rx7T=(kk)(rx7)=(rx7-kk=(kxr-7)k=(Wgr-7)k (3.61)
thus, by substituting (3.61) in (3.60) it results

Finally, the stress field that satisfy De Saint Venant hypothesis in function

of the internal forces has the following expression:

N
o, = —+JWm;r— (l—z)(J_lts-r)

A T¢ e (3.63)
T = [Voy+AP()]IZ' + §(<pth + Wyr)

where 1 and ¢,,, are harmonic functions that satisfy the boundary condi-

tions

c
(thor & V)n = _§Wkr
(3.64)
(p@V)n=—APn

3.6.1 The torsional stiffness factor

By setting
B(r)=V®1y+ AP
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in (3.52), one can obtain an alternative expression of m;:
m; = [/ Wyr - B(r)g, da + %/ Wyr - (grad ¢f + Wir) da] k =
A A

= [gt . / Bt(r)Wyr da + %/ Wyr - (grad ¢f + Wir) da] k.
A A

(3.65)
In the specific case of pure torsion (ts = 0)
g =-J;'t=0 (3.66)
then, by (3.65) and (3.66)
m; = [/ Wkr-g(gradwt + Wgr) da] k=
4 (3.67)

C
5Lk

= < [/ (gradgot-Wkr—l—r-r)da]k
21/) 4

having introduced

I, = [/ (gradpy - Wigr +r - 1) da]
A

that represent the torsional stiffness factor.
The relation between I, and m; can be reached by combining (3.62) and

(3.67):

M
mt:Mtk:quk:>CZ2I—t .
q

3.7 Closed-form analytical solutions

This section reports the analytical solution to the shear problem (3.50) in
terms of tangential stresses, for some common sections for which a closed-
form solution is available: the circular section, the elliptic section and the

rectangular section in the case v = 0
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3.7.1 Circular section

The solution to the previously stated shear problem has a significantly syn-
thetic expression for the circular section. It can be easily verified that the field

1, solution of (3.50), associated with a section of radius R is:

3+ 2v R

Y =—(a+PB)R’r = S(0+0)

(3.68)

Actually, being linear, it is also harmonic and satisfies (3.50);. Moreover, its

gradient, ¥ ® V, turns out to be

3+2V 2i

YOV = gir)

(3.69)

and on the boundary one has

r = Rn (3.70)

since the origin of the reference frame is located in the centroid. Thus, upon

substituting the previous relation into (3.36) one obtains

34+ 2v
APpn= """ R2 71
n 8(1—1—1/)Rr (3.71)

an expression which fulfills the boundary condition (3.50)s as well.

3.7.2 Elliptic section

In the case of the elliptic section it is convenient to express the solution in the
reference frame of the principal axes. In such a frame, say zy, one has

2(1+v)R? —I-Rf/ 0

Yo | 1 3R2 + RZ x
- 2(1 R? + R?
" 2(1+4v) 0 (1+v)R, + R; y
3R + R3
RZQI — R? 0 23
1-2v 3R2 + R 3
8(1+v) 0 R - R’ Y
L 3R2+ R2 J 3
(3.72)
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where R, and R, are the principal radii of the ellipse. It can be easily verified

that the components of (3.72) are harmonic functions, as its terms z, y, %—3—:13112
3

and % — yz? do all possess such feature and it is also recognized that (3.72)

specializes to the matrix form of (3.68) whenever the axes have the same

length.

3.7.3 Rectangular section (v = 0)

Provided that v = 0, the present approach yields a closed form expression for
the harmonic vector potential 10, and hence the shear stress 74, analogous to
the classical solution reported in [57]. Observing that in this case the solution

is similar under several respects to the one for the elliptic section

3

2
(i 1| L2 o z 1| 3~

[4] = =3 e ; 31 5 (3.73)
1y 0 L Yy % _ ya?

where x and y are parallel to the edges of the rectangle whereas L, and L, are
their respective lengths. By virtue of (3.51) the shear stress field generated by

a shear force directed along y applied at the centroid turns out to be

6t, (L3
Tsha = 0, Tshy = L—z3 (Zy - y2> (374)
Ty
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Chapter 4

Displacement field, shear
center and deformability

tensor

This chapter illustrates the derivation of the displacement field associated
with each kind of internal force, e.g. axial force, biaxial bending, torsion and
biaxial shear. Moreover we provide the expression of the shear center and of

deformability tensor.

4.1 Derivation of the displacement field

As detailed in the introduction aim of this section is to complete the stress-
based solution of Saint-Venant problem due to Baldacci [6] by deriving the
displacement field separately for axial force, biaxial bending, torsion and bi-

axial shear.
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4.1.1 Displacement field associated with axial force

By substituting g = g; = 0 in (3.4) one obtains the stress field associated with
axial force.

o, = ap (4.1)

Hence the relevant stress tensor has the following expression
S =ap(k®Kk) . (4.2)

Upon substituting the previous expression in the elastic-law (2.100)5 one gets

~ap(1+v) apv
E _OT(k® k) — %1 . (4.3)

The displacements field u associated with the stress field defined above can
be computed by means of a direct integration procedure which is substan-
tially equivalent to the use of Cesaro’s formulas [16]. In particular, once the

infinitesimal strain field E has been obtained, one can exploit the identity [29]
weV=VxE (4.4)

between the gradient of the axial vector w of the skew-symmetric part of the
displacement gradient W and the curl of E. Thus, by employing the definition
(2.6), one can derive W as the cross product between w and I, i.e. W = w x L
Finally, a second integration of the displacement gradient field u® V. = E4+W
provides the displacement field u which is looked for.

Since E is constant, it turns out to be
rotE =V x a_; (1+v)kok)—vI] =0

and

gradw=w®V =0 = w=uwy

the final result is

W:woxI.
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Apart from a rigid rotation, the gradient of displacement is symmetric so that
coincides with the strain tensor, i.e.

ao(l + I/)
)

aglV

gradu=E = (k®k)_FI

Being constant integration of the previous relation provides

ap(1+v) agV ao
WY gk ok)p - Wp =2 —up] .
u 7 k®kp-—p="72[1+v)zk-vp|

Upon substituting ag = N/A an expression explicitly related to the normal
stress is obtained

u zk — vri — vyj) .

=54
4.1.2 Displacement field associated with biaxial bending

By substituting g = 0 and ap = 0 in (3.4) one obtains the stress field due to
biaxial bending

o, =g-r (4.5)

Hence the stress tensor and the associated strain tensor have in turn the

following expressions

S :(g'r)(k®k) . (4.6)
and
E::1;vm_%a®1)sz({;m@.ﬂ¢®ky_%@.gp (4.7)

The displacements field u associated with the stress field defined above can be
computed by means of a direct integration procedure which is substantially
equivalent to the use of Cesaro’s formulas [16]. In particular, starting from

(4.7) one can exploit the identity [29]
weV=VxE (4.8)

between the gradient of the axial vector w of the skew-symmetric part of the

displacement gradient W and the curl of E.
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Accordingly, by employing the definition (2.8), one can derive W as the
cross product between w and I, i.e. W = w x I. Finally, a second integration
of the displacement gradient field u® V = E 4+ W provides the displacement
field u which is looked for.

Now it is necessary to compute curl E

awlE = Vx £ [(1+0)(g r)(kok) - g 0T =
- Uy (g rek L1V (g0

by observing that

curl [(g-r)k]| =V x (g -r)k=V(g-r) xk=grad(g-r) xk=g x k (4.9)
and

curl [(g-r)I] =V x(g-r)I=V(g-r)xI=grad(g-r) xI=gxI, (4.10)

one can express the gradient of w and curl of E as follows

(1+v)

gradw = curl B = === [(g x k) @ k] - %(g 1) . (4.11)
Integration of constant tensors in (4.11) gives
1+v v 1+v v
o= (g o Laxr) +wn = T (k) L) o

and then, except for a rigid rotation, the anti-symmetric part of grad u results

1
We—wxle LHY)

z(gxk)xl—%(gxr)xl. (4.12)

On account of the following property
Ax(bxc)=—(bxc)xA=(b®c)A—(c®b)A

the term on the left side of equation (4.12) can be expressed by

(gxk)xI=-Ix(gxk)=(kog)-(g®k)
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(gxr)xI=(reg)—-(g@r)

hence, equation (4.12) becomes

w-U gy)z[(k@?g)—(g@k)] - % (rog)—(g@r)] .
Finally
gradu=E+ W =
— (1 ;V) {—-(g®zk)+k®[(r-gk+(r- k)g]}+% {(gor)—[(g o)I+(r®g)]}

Integration of the previous formula is immediate by means of following expres-

sions

22 22
zk = grad; — z(g ® k) = grad <5g> ,

[(r-g)k+(r-k)g] = grad [(r-g) (rk)] = k®[(r-g)k+(r-k)g] =grad [(r-g)(r - k)k] ,

2
r:grad% — (g®r) = grad [(r2r)g] ,

[(g-r)I+(r©g)] = grad [(g-r)r] .
Finally, the displacement field associated with biaxial bending turns out to be

er

+1/
2

E

g gk

Q+v) [ 22 ] g—(g-r)r]—l—w()Xr—l—uO-

4.1.3 Displacement field associated with torsion

The tangential stress field 7, is provided by (3.53) by setting g; = 0 so that

the stress tensor S becomes

S =(k®7T)+(T®k) = [k ® g (grad ¢ + Wkr)} + [g (grad ¢y + Wir) @ k

(4.13)
Substituting the previous expression in the elastic-law (2.100)2 yelds
Eo|lio— 2 _enls (4.14)
2G7 2G(3M +2G) ‘
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Since the tensor S is traceless, it turns out to be

B g (k7)o (r 1] = 5 {4k (s + ko )5 (amad g+ kox 1) ok | =

C

gpe {% [(grad ¢ @ k) + (k ® grad ¢;)] + %[(k x 1) @k + [k® (k x r)]} .

(4.15)
The displacements field u associated with torsion field is computed by follow-

ing the same steps outlined for biaxial bending; hence curl E is first evaluated.

curlEzVX%[(k@T)—i—(T@k)] :%{[(ka)®7’]—l—[(er)®k]}:

- % — [k x (V®T)]+ [curl T @ k]}

On account of (3.24)9, it turns out to be curlT = ck, so that the previous

expression becomes

curl E = % [ck ® k] — [k X (gradT)t]} =

c c [k e
@(k®k) ~ 50 {5 X [grad (grad ¢ + k x r)] } =

- % {(k ® k) — %(k x I) [(grad grad )’ + (k x Iﬂ} -

= % {(k ®k) — %grad [(k x T)grad ¢;] + %(k X 1)2} .

where in the last algebraic manipulation proper account has been made of
the fact that grad grad ¢, is a symmetric tensor and k x I is skew-symmetric.

Integration of the previous formula provides

c 1 1
w = Yel [zk — 5(1{ x Igrad ¢; + 5(1{ X I)zr] +wo (4.16)

in which wy is an arbitrary constant vector
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Notice that projecting w along z axis yields

00, c

W=, —w k= =2t wy, = 0, = 9z 2G

2G

hence each cross-sections is characterized by a rigid rotation in the plane which
varies linearly in z direction.

By virtue of (4.16), it turns out to be
Wz@’z{(zkxl)—%[(kxgradgpt) ><I]—|—%[k><(k><r)] ><1}+w0><1
and, on account of the following property
(bxc)xA=(c®b)A - (b®c)A

the following identities

[(k x grad ¢;) x I] = (grad p; @ k) — (k ® grad ¢)
kxkxr)]xI=-Ixkxkxr)=[(kxr)®k]—[k® (kxr)]
are inferred. Thus, except for the arbitrary rigid rotation (wg x I) one obtains

W =0, {(zk x I) — % [(grad or @ k) — (k @ grad ¢;)] + %[(k xr) k] — [k® (k x r)]} )
(4.17)

The gradient of u is the sum of expressions (4.15) and (4.17)
gradu=E+W =
— 0 {% (grad o ® k) + (k ® grad o)) + %[(k x 1) © k] + [k ® (k x r)]} 4
16, {(zk < 1) — % (erad o, @ k) — (k @ grad r)] + %[(k <) © k] — [k (k x r)]} _
=0, [k xI)+ (kxr)@k+ (k® grad ;)] .

Furthermore, by observing that
gradu = @, [grad (zk x r) + grad (¢:k)]
the displacement field associated with torsion is finally obtained

u=0,(zk xr+pk)+wyxr+up .
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4.1.4 Displacement field associated with biaxial shear

The tangential stress field T4, is provided by (3.51) so that the stress tensor

has the following expression
S=(l—2)(g r)kok) + T4,k +k® Tg,. (4.18)

We recall once more that the skew-symmetric part of the displacement gradient
W is obtained as the cross product between w and I, i.e. W = w x I, where

w is obtained from

wRV =V xE! (4.19)

once the infinitesimal strain tensor E is derived from (4.19) via the linear elas-
tic law. In this way, being u ® V = E 4+ W, a second integration provides
the displacement field u which is looked for. To simplify the integration pro-
cedure illustrated below, it is useful to express alternatively the shear stress

field (3.51) upon introducing the vector
1
a= g(r -r)r (4.20)
whose gradient is the symmetric tensor
1 .
a®V:V®a:§[2(r®r)—|—(r-r)I] (4.21)
The vector a allows one to express AP in (3.41) as
r-r.
so that the tangential stress field (3.51) becomes
r-r.
Tsh = (V@) + (1 +0)(Vea) - r—1lg (4.23)

The previous relation, upon introducing the vector £, defined as

{=¢+(1+7v)a (4.24)
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becomes

r-r. r-r
Tsh = (V ®E&— ETI> g =(&-g)V— DTgt. (4.25)
Applying the linear isotropic law
14+v v
E= - — I 4.2
5 S E(tr S) (4.26)

to (4.18), the following representation is obtained for the infinitesimal strain

field
14+v
B = ——[(-2)(gea) (k@ k) + (1o @ k) + (ko 7o) +
(4.27)
—— 1= 2)(gr-a)]

Substituting (4.25) into the previous expression and setting the relation

1+vyp=v (4.28)
one finally obtains
B - L0 e ke + (€ e Ve k- ko (€ gV +
—%[(l — 2)(ge-a)l+ r%gt k+k® %gt]

(4.29)
The explicit computation of the curl of E, i.e. V x Ef, required by the pre-

viously outlined integration procedure, needs the separate computation of the
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curl of the addends contained in the RHS of the previous expression
Vx|l - 2)(gra)(k@ k)] =(-2)(ga)Vx(kak)=
= [(I-2)gt — (gr-a)k] x(k® k) =
= (ge x k)®(I — 2)k
Vx[k® (€ g)V] =[VxKaE )V =
=—(kxV)®(§ )V =
= —kx [V (£ g)V]=
= -Wil[(§-8)V®V]
(4.30)
Vx[(§-g)V @K] =[Vx(§-a)V]ok=0
Vx [(I = 2)(ge-a)] = (I—2)(gra)V xI=
= [(l = 2)g: + (ge-a)k] xI =

= (- Z)Wgt + (gt-a)Wk

V<k®%gt> = —k x [V%@gt} =
=-kxr®g;
(PR S L1 P

The identities above can be proven by invoking the differential identities re-

ported in the Appendix A. Using the identities (4.30) the curl of E becomes

V x E' = HTV{(gtxk) @ (1 — 2)k—k x [(£ - g)V @ V]}+
—1—%{—1' xg @k+kxrogl+ (4.31)

v
—I-E[(z —1)ge x I+ (g -r)k x I
On account of identity (4.19), one knows the expression of the gradient of w;

hence, to obtain w, it is necessary to integrate the expression above. To this
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end (4.31) is further developed as follows

2
v = (- ) 0 -k x (€ Vo v
—I—%[gt><r®k—|—k><r®gt—|—(z—l)gt><I—|—(gt'r)k><1]:
2
- (-5 w x0- ke g VI o v
14 252
—I—E[(z—l)gt><I—|—(gt'r)k><r—|—5(k><gt)]®V

(4.32)
In particular, the last equality in (4.32) hinges on the identity
g Xxrk+(z—DgxI=[(z—-1)gexp/®@V + [?(kxgt)] ®V (4.33)
which is inferred from the relation r = p — zk.
The rightmost expression in (4.32) allows one to directly identify the ex-

pression of the axial vector w

1+v

w= {(lz—?) (gtxk)—kx(ﬁ-gt)V}—l—

)
(4.34)

2
v z
b [ e+ Pk p G x )] +o
where wy is an arbitrary constant vector field. Accordingly, the skew-symmetric

component of the displacement gradient W, whose axial vector is w, it turns

out to be:

_1—1—1/

W = I
w X i

{(lz—z—;> (gtxk)xI—[kx(g-gt)V]xI}—l—

2

14 z
t5 {k X [(gt p)p + Egt] x +[gt x (z = 1)p] x I} 4w x I,

The last addend wqg x I is the displacement gradient of an arbitrary rigid
motion up to which the displacement solution is defined. For sake of brevity
this term will be omitted in the following developments although it will be

reported in the final expression of the displacements.

67



Recalling identity (2.17) one infers

wo— (15 ) ik w) - (a0 + ko (€8 V] - (€ g0V o K [+
2

+% { [(gt PP+ ?gt] ©k—k [(gt PP+ %gt] +

G- porl - lae (- Opl)

(4.35)
By definition, the sum of the expression above with that of E reported in (4.29)
provides the displacement gradient grad u = u ® V. Comparing expressions
(4.29) and (4.35) one recognizes the presence of two terms premultiplied either
by the coefficient HT” or by %. For this reason, for the sake of readability the
following representation is exploited in the computation of the displacement
gradient. In particular, the integral of grad u;4, can be achieved more easily

upon developing the integrand as follows

graduiy, = {(I—2)(g r)(k@k)+[(§-8)Vekl+[ko (& g)V]}+

2

_ {(m— %2> (gt Pk +2(£-gr)k (% _l%2> gt} oV
(4.36)

+{(Zz—f> (o 8) — (g 1]+ k0 680 V) - (€ 8) Y 01 } =

Following an analogous strategy for grad u, one has:

. r-r
grad u, = (l—z)(gt-r)I—r2—rgt®k—k®7gt+
2

V4 252
+ [(gt p)p + Egt] ®k-k® [(gt p)p + Egt] =

+H(l-2)p@g] —[ge®(z-1)p| =

. 3 .
= {(z —1)(ge'P)P — [(z —1) (p2p) - 3] gt — (p2p) (gt-p)k} ®V
(4.37)

Finally, adding all displacement terms and including the integration constants
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ug and wq as well, the required displacement field turns out to be

v 2 3 2
u = ! —1]_;7 {(lz - %) (geP)k —2( - g )k+ (% - l%) gt} +

14 . z3 .
r gD |G- 0P - g - PPl pik
+two X P+ U
(4.38)
Upon substituting gy = —J (_;11: an expression explicitly related to the shear
force is obtained
1 + v Z2 -1 -1 Z3 Z2 -1

3

+% {—(z ~)(Jg't p)p+ [(z —1) (pép) - %] Jg't+
(p-p)
2

+ (35 p) k}+wo><p+uo

Comparing (4.1.4) with the classic expression reported by [36], which addresses
a section loaded by a shear force directed along the z axis, one finds the
following relation (4.1.4)

1 1
Yy = m [—X —zy’ — Z(r ‘T)w (4.39)

between the function y introduced by Love and the component along x of the

auxiliary function £ appearing in the formula above. Actually,
1 _
o =y + g(l +7)(r-r)x (4.40)

by means of formulas (4.20) and (4.24).

4.2 Shear center

Aim of this section is to derive a frame-independent expression of the shear cen-
ter on account of the previously derived representation for tangential stresses

originated by pure shear (3.51).
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The shear center p. is defined as the point of the transverse cross plane
common to all lines of action of the resultants of the shear stress fields char-

acterized by zero torsional rotation, i.e. by
0 ==—=0. (4.41)

According to such definition, setting #’ = 0 in (38)s, the tangential stress field

generated by pure shear 74, admits the following expression.
Tsh = — [AP (r) + (V@) ISt (4.42)
The shear center p, must consequently fulfill the property
pcxt-k:/QrXTShdA-k (4.43)

stating the static equivalence of the vector t applied at ro with the field 7.

Considering the identity
rx 7= (kQKk)(rxTg)=(xT1g kk=(t 14)k (4.44)
one infers from (4.42) and (4.44)

(kxpo)t=r&t= —/ (AP (r) + (V@) v I tdA = —v-I5't (4.45)
Q

where it has been set

v = —/ (AP (r) + (V@ )] r-dA (4.46)
Q

Notice that, recalling definition (3.41) for A? and observing that (r&r)(kxr =

0), one can also write

1—

v = —/ [(’l,b ®@ V) + 57 (r-r)I|rtdA (4.47)
Q

Recalling that J;' is symmetric, formula (4.35) becomes

kxro-t=-J5'v t (4.48)
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and hence for the arbitrariness of t,

kxro=-J;'y (4.49)
A vector premultiplication of both members by k yields

roc=kx (Jg'v), (4.50)

so that, invoking (4.46), one finally has

1-3v

ro =k x {J(—;/Q [(w ® V) + (r- r)i] (k x r)dA} . (4.51)

Observe that all terms in the previous expression are frame independent quan-
tities.
4.2.1 Boundary integral tensor expression of the shear center

We are going to illustrate the manipulations that provide a boundary integral
expression of the shear center by means of Gauss theorem. Since a formula of

this type is available for Jg

Jo = Z/ag(r ®@r)(r-n)dA, (4.52)

it is sufficient to develop a boundary form of the sole term given by (4.47).

Invoking the product rule, the first addend in (4.47) can be written as follows
(Voyprt=@er)V- (" V)= (par )V (4.53)

since vt -V = 0.

1

Similarly, the second integrand in (4.47), containing (r - r)r—, can be also

expressed as a boundary integral on account of the identity

[(r-r)lrt = [(r r)(ror)V (4.54)
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which is proved in section 7.4 of the appendix. Thus, by virtue of the diver-

gence theorem, the integral (4.47) can be expressed as

1-3p

T /BQ [wort naa+ /(m[(r'r)(rtgrl)]ndA:

4.55
1-3v ( )

= /aQ [(rl-n)qp}ndA—l— /aQ(rJ‘-n)(r-r)rdA.

Upon substituting finally (4.55) into (4.50), one obtains the required boundary

integral expression of the shear center

pe = K x {J(‘;l /aA [(w 41 _83’7(r - r)i] (r'-n) dA} . (4.56)

The previous expression turns out to be particularly useful in numerical com-

putations

4.2.2 Further developments for polygonal sections

Introducing the following parametric representation
r(pn) =1+ pAry (4.57)

where

Ar; =111 — 1 (4.58)

the unit vector n normal to the boundary can be written

A 1
l l

Substituting (4.57) and (4.59) in the terms (r - n) and (r ® r) appearing in
(4.55) one has

1
Art) =~ (e Arf) iy

1

rt-n=(r; + pArd)( 7
l

ror=r0r +2u(r; ® Ar)) + p?(Ar; ® Arg) = Ty + 2uTo + 42T
(4.60)
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where

Ti=r®r
Ty =1, ®Ar (4.61)
T3 = Ar;® Ary
Since
dA
= SN dp = —, (4.62)
b b
by (4.55), it turn out to be
- Z / S AT + plf)(Ty + 2uTy + pT3) (1 + pAry)dp =

1
= — Z { Arl )Tir; + / [(rf‘ . Arf‘)(TlArl,u + Tor;u+
0

+ToAryp? + Taryp? + TsAryp®) + F(Tirgp 4+ Ty Argp®+

Torip? + ToArp® + Taryp® + TsAry*)] } dp =

1

S Z [ Arl )Tir; + / (s + sop? 4 s3p’ + llzTgArlu4)du
0

(4.63)

being
S] = ( Arl )T1Ar; + ( Arl )Tor; + l Tir;
so = (r{ - Arf)ToAr; + (ri - Arf)Tar; + 12T Ary + (2 Tory (4.64)

S3 = (rf- . Arf-)TgArl + llzTgArl + ll2T3rl
4.3 Frame-independent form of the shear flexibility

tensor

According to the energetic definition [44, 49], the shear flexibility tensor is
defined as the tensor Dy such that the equivalence UE)Z = U is satisfied,

where U*" is the strain energy associated with shear

1
USh = %/ Tsh * TshdA (465)
Q

73



whereas UE)Z is the elastic energy term expressed as the Dg-associated quadratic

form operating on the shear force vectors t

1

Ug = 5Dst -t (4.66)

Such a definition provides

I P SN 4
D, = EJG ®J (4.67)
where
@ :/ (Y @V + AP)(V @1+ AP)dA (4.68)
Q

Tensor @ and the adimensional tensor of shear coefficients x are related, see
e.g.
x =AJ; @I} (4.69)

4.3.1 Expression of the shear flexibility tensor by means of
boundary integrals

This section illustrates a procedure for transforming the domain integral (4.68)
in a complete boundary form exploiting the divergence theorem. For the sake
of clarity, an indicial notation is used in some of the developments reported

below. Integral (4.68) turns out to be the sum of four terms
o = /Q[w @ V)V @)+ (¢ @ VAP + AP(V ® ) + APAP|dA. (4.70)
and in indicial notation reads
;= A[A?k(¢j,k + AV + ik e+ ik AY]dA (4.71)

In order to achieve a boundary integral expression of (4.71), the following
identity
1
©ij= /Q [g(Ai’kw + ABi) & — (i + ipy) + ADAYS | dA (4.72)
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will be preliminarily derived.

Since ) is harmonic, v; g = 0, one infers from the product rule

Vi ke = (Vitdj k), e — Vidj ke = (Withj k) K (4.73)

and one also has

Substituting (4.73) and (4.74), into (4.71) one obtains
D) = /Q (ABby i+ AB A — gAY, ) dA+ /Q (iths p + BiAD,) 4 dA (4.75)

It is recognized that the second integral above vanishes on account of the
divergence theorem; actually, invoking the symmetry of AP in (3.41), such an

integral can be written as follows

/Q%'(%’,k + Aij),k dA = /(99(¢i¢j,k + ¢iAZj)nk ds =0 (4.76)
where the last equality holds by virtue of the boundary constraint (3.50)
(j,k + Al =0 (4.77)
Hence (4.71) reduces to
Py = /Q(Afk%k — %’Aij’k + A‘Z’kAzj) dA (4.78)
Upon observing that
Afbj k= (AJg) 6 — Ay ¥ (4.79)

the integrand function of (4.78) can be further transformed as follows
®ij = A[(A?k¢j)vk — Afy w V5 + ARAY, — AL 1dA (4.80)

The previous expression can be further transformed in a form which more

clearly emphasizes the symmetry of ®. Actually, by (4.77), one has

[)(z‘%%),de = /aQ(Afk%)nkds = /89(—¢i,k¢j)nkd3 = /Q(—%', ki), kdA
(4.81)
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while the harmonicity of v, ¢; k. = 0, yields

(=i, k¥5), 6 = (=0 k), k (4.82)

From (4.81) and (4.82) one eventually infers

1
/Q (A5 )) kdA = /Q (AP ) rdA = /Q §(Af§’k j+ AL ) pdA (4.83)

so that (4.80) is equivalent to
1
/Q [5(14?1@ 5+ A§k¢i),k - (A?k,k¢j + %Aij,k) + A‘kaij dA (4.84)

By taking the divergence of (3.41), which provides A‘Z’hk = p;, the second
integrand term in (4.84) can be further simplified to obtain the required result
(4.72). This preliminary result allows one to transform (4.72) in a boundary
integral. To this end it is necessary to transform the second and third integrand
terms of (4.72) into the divergence of a tensor, just as for the first term. For

greater clarity we introduce the notation

B, = ‘PS) +<1>§f) +<1>§§’) (4.85)
o = [ Liar 4 AP ) paa (4.86)
ij q 2 kYT LRk '
o = — /Q bjpi + Yip; dA (4.87)

% = [ AP AP 44 (4.88)
ij o ik*kj )

Considering the explicit expression (3.41) of AP and the divergence theorem

one has for 1)

@(1):/{)9 [%(r-n)(r@@b—l—w@r)—|—§(r-r)(n®'l,b+’l,b®n) ds (4.89)
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Making use of p, previously introduced in (4.20), the integrand of (4.88) is

expressed as the divergence of a tensor

Yirj = Pipj kks Viri = Vipi kk (4.90)
and on account of the property of being harmonic, which provides

Yipi ke = (Yipi k), ke — (Vi kDi) &

(4.91)
Vipikke = (Yipi k) ke — (5,kPi) &
Relation (4.90) is inferred on account of the following identity
Vi kk = Pj (4.92)
which is proven in section 7.4.2 of the appendix.
Considering the further identity
1
i,k = < (2pkpi + prpndir) (4.93)

8
which is proven as well in section 7.4.2 of the appendix, and relation (4.77),

the following boundary integral

B2 = /m[—i(r-nxrwwm)—%(r-r)(nwwm)] ds +

(4.94)
is derived in tensor notation.
For what concerns the third addend ®®) of (4.86), it is necessary to express

in divergence form the integrand
APA? = (a2 4 2a8)(r -r)(r@ 1) + [(r - 1)1 (4.95)

This is achieved by means of the following formulas

1

Y [(Piﬂz’)ﬂhﬂkﬂl] 1

(Pz’ﬂz’)ﬂhﬂk = 6

X (4.96)
(PpPp)(Pgpq) = 5[(pppp)(pqpq)pz],z
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that are proved in sections 7.4.3 and 7.4.4 of the appendix, respectively. Owing

to these formulas and to the divergence theorem one infers

a? o 2
<I>Z(§?) _ /aQ {#[(Piﬂi)ﬂhﬂk] - %[(pprp)(pqrq)éhk]} ds  (4.97)

or, in implicit notation

a® + 2 2
&G — /89 [%ﬁ(r-r)(r-n)(r(@r) + p

5 (r-r)?(r- n)i] ds. (4.98)
Adding (4.89), (4.94), (4.98) and collecting the resulting terms the sought

entirely boundary expression of the shear flexibility tensor is obtained

P — (3 i)Aermr®w+w@wﬁw +

" (g ;)/{99(“1?)(11@1,04—1,0@11)(18 i
" <M_%> /m(r'r)(r'n)(lf®r)ds +

(4.99)
ﬁ 2 d
- 3 aQ(r-r) (ren+n®r)ds +
3’ z
+ F/ (r-r)%(r-n)lds
o
Substituting (3.40) in the previous formula one finally obtains
1-v
= — 3 / (rn)(ry+yper)ds +
o0
1+ 30
%Vé$rﬂm®¢+¢®m% +
2+ 30 +
- ﬂ/ (r-r)(r-n)(rer)ds + (4.100)
48 B
1-3v
) V/ (r-r)?(ren+n®r)ds +
o0
3 —1)2
P C it

381 /89(r r)(r-n)Ids.

which can be substituted in (4.69) to get, invoking also (4.52), an expression

of the shear flexibility tensor expressed solely by means of boundary integrals.
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4.3.2 Shear flexibility tensor for the circular section

The general expression of ® presented in (4.100) can be specified to a circular

section of radius R by setting

r=Rn (4.101)
hence
(3+ 2v) 5/
P = AL
+ 32(1—1—1/)2R aﬂ(n@n) ds +
(1+4v)(3+2v) 5/
R d
+ 61(1+ 1) 8Q(n®n) 5 +
(2+ Tv + 612) 5/
TIEE R aﬂ(n@n)ds +
2v—-1 5
(2v —1)? 5/ :
) . Ids. -
- A E ot [, T
13+ 320+ 1207
= R d
1951 1 7)? /{m(n®n) s+
(2v —1)? 5/ :
— Ids.
- A r ot [, T
where
ds = Rdo (4.103)
Observe that
2
/ Ids:I/ ds:I/ Rdf = 2Rxl (4.104)
o0 o0 0

Moreover, by virtue of the circular symmetry

= IlJ' IlJ' S .
/aﬂ(n®n)ds—/( onl)d (4.105)

o0

and of the property n®@n +nt @ nt = I , the following identity holds

1 1 R R
/ (n®n)ds:—/ (n®n—|—nl®nl)ds:—/ Ids= RrI (4.106)
20 2 Joa 2 Joa
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Substituting (4.106) into (4.102) one infers

_ 7+ 14v + 812

RS1 4.1
96(1+ )2 " (4.107)

Notice that in the particular case of v = 0, one obtains

1
= - g/{m(r-n)(r(@w—l—'ﬁb@r)ds +
~ o mmeyrpends +
o
- 1 (r-r)(r-n)(r®r)ds + (4.108)
24 Joq
- [ rorPreoninends
- ﬁ aQ(r-r)z(r-n)ids.

Thus, due to (4.67), the shear flexibility tensor of the circular section turns

out to be
1 [7+ 14v + 82
Di=—|——— 632 4.1
s G[ 96(1 + )2 ]ﬂRJG’ (4.109)
recalling also
R*.
Jo = ”TI, A=nR? (4.110)
one has
1 [7+ 140+ 82 .
Di=—|——F——-5 4.111
* GA[ 96(1 + v)? ] ( )
so that, on account of (4.69), the shear factor tensor becomes
7+ 14v + 812 .
= 4.112
96(1 + v)? ( )

The expression found is in agreement with the coefficient reported in [44]

4.4 Stiffness tensor of a beam element

The flexural behaviour of beams with shear deformability can be completely
described by the stiffness tensor of the beam element whose coefficients will

depend upon the shear deformability tensor.
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The stiffness tensor of the beam element has been already obtained in a
frame independent form [49], and it is here reported for the sake of complete-
ness.

Let us consider a straight beam of lenght .

Denoting by ®; and ®5 the flexural rotations at the end section 1 and 2
of beam and by A; and As the corresponding transverse displacements of a

the shear center, the stiffness tensor can be expressed as

Bii B2 Hyp Hypp k x &

kXM1

B21 B22 H21 H22 k x ‘I’g k x M2
Hy1 H> Sii Si2 Aq T,
| Hiz Hp So1 Sao 1L Ay | | T2

where My, My, T and Ty are the bending moments and shearing forces at
the terminal sections of the beam and the unit vector k points from section 1
towards section 2.

Defining the adimensional tensor
V = 12Jgx/Al*

and denoting by I the identity tensor, the elements of the stiffness tensor are
given by
1
By =By = S (I+ V) H4I+ V)T

1
By = By = 7(I + V)2l +V)J

6 N
Hy = Hy = —l—2(1+V) 1y

6 _
Hy =H;y = l_2(I —I—V) 1-]

12

S11=8p = 7(I+V)"J

12
S12 =8y = — 7 (I + V)

The formulas above generalize the corresponding ones of the classical stiffness

matrix.
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Chapter 5

A BEM approach to the
solution of the torsion and

shear problems

Regardless of the selected approach, either based upon the displacement or the
stress one, the complete solution in terms of displacements and stress fields
for rods of generic cross section can be represented only partially by means
of explicit analytic expressions since some terms associated with torsion and
shear embody auxiliary functions that are solution of Dirichlet or Neumann
problems related to the cross section domain; this is true with the exception
of sections having particular geometries for which a closed-form solution ex-
ists. For all the other cases, the only way to obtain the complete solution of
the problem is to adopt a numerical approach. This chapter illustrates the
operative details leading to expressions which are very simple to implement in

a computer code.
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5.1 Weak formulation

Weak formulation of the harmonic problem for the determination of ¥ (3.46),
combined with the second Green identity leads to the following alternative

characterization of the problem [8] :

—/'ngJidA—l—/ 'l,bxinids:—/ XA? (p)nds. (5.1)
Q o0 oN

in which y is an arbitrary weight function sufficiently regular.
By adopting as weight function the so-called fundamental solution of Laplace

equation in the plane

1 1
v,
27 \||p — p*|| (5.2)

one obtains the classical integral identity that represent the starting point of
all BEM formulations. In (5.2) p* denotes the position vector of an arbitrary
point of the cross section plain and is commonly called source point.

As stated in [8], the function x* is solution of the equation x7; = 6(p—p”),

in which § represent the Dirac distribution; the gradient of (5.2) is given by

. P—pP
grady* = ————. 5.3
2llp = b 53
By virtue of the properties of the function x*, formula (5.1) becomes:
Vb p—p)n
c(p*)¥(p )—/ w(P)(i)*zds =
oo 27||p—p*|
(5.4)

1 1
— [ Zim(——— ) AP(p)nds,
/s Qm—pw> ()

where the coefficient ¢ depends on the position of the point p* with respect
to the domain Q. In particular ¢(p*) = 1 if p* € Q, ¢(p*) = 0 if p* ¢ Q
and c¢(p*) = % if p* € 09, in which §~ and 6%, assumed positive
if counterclockwise, are the angles between the unit vector tangent to the
boundary in a circulation sense respectively clockwise and counterclockwise

on the boundary.
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Let us now assume that the boundary OS2 is polygonal, i.e. it is constituted
by the union of n, sides: 9Q = J;*; 9. In this particular case, the ge-
ometry of the section results completely defined by the vertexes’ coordinates
{P1,---sPn,}- Thus, by introducing the following parametric representation

for the side I:

_|_ —
p(u) = PP 4 P e (L e [FL (5.5)
d dp d l
the relevant arc length s is o5 _ [ OP —l, so that formula (5.4) assumes
du du dyp 2

the following expression:
l / ) —P*) - my
P(p 5 A =
Z 27T||p ) =P

:‘le/ 5o (o ) A e

in particular, if p* belongs to one boundary’s sides, excluding their extremes

1
points, it turns out to be ¢(p*) = 3

One can specialize the (5.6) for the first component by obtaining
b / ) —P) -1
c ¢ d =
Z 27T||p( 1) — p*[?
ll/ (=)
=— (5.7)
Z 2 [lp(r) — p*||

[a($2n1 + zyn1) + B(x*n1 + yznz)] dpy -

(5.6)

5.2 Interpolation

Integral equation (5.6) is converted in algebraic form by using for the restric-
tion of 1 to the generic side [ the same interpolation adopted in [61]:

npi

P(m) = > piTCD () (5.8)
B=1

85



i.e., in scalar form,
np;

i) = 3 PP T (1)

Vo) = 2 pSITED (1)

where [ is the index that varies on each side of the polygonal shape, T(?) is
the Chebyshev’s polynomial of degree 3 and np; corresponds to the number of
parameters used to interpolate the unknown function . The first six terms

of the polynomial are reported hereafter for the reader’s convenience:
TO () =1 T (1) = p TE (1) = 2% — 1

T () = 4p® =3 TW(p) =8u* = 8u* +1 T (u) = 16p° — 204° + 5y
in general, the polynomial of order 3 > 1 are obtained by the following recur-

sive expression:

T () = 2uTP) () — TE=D (), (5.9)

For each side m*, it is necessary to collocate np,,+ source points whose
position (p*) gs‘:) is determined by (5.5) following the ordered sequence of reals
1< <pg <o < pfgr < oo < Npppx < 1

The total number of source points, that also corresponds to the number of

*

¢q» While the total number of unknowns

equations to write, is expressed by N,

parameters is denoted by Npq;.

5.3 Algebraic solution system

In this section we illustrate the operative details that allow one to re-formulate
(5.6), by using the adopted interpolation functions, in a system of equation

A = b,., in which P* € {1,..., N}, Q € {1,..., Npor} and p,, is the

P*Q pQ p*
vector containing the collection of unknown parameters plﬁ relative to all sides

of the boundary (); elements of A ., and b,. will be defined afterwards.
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The global indices of equations and parameters are set in relation with local
indices by the following relations: P* «— (m*, a*), @ <« (I, 3); thus, the first
np,. equations of the solution system are those associated with the side 1, the
following np,. with side 2 and so on. Analogously, the columns of the A .,
matrix can be merged in groups whose cardinality is defined by the number

(B) used for each side.

of parameters p,

To obtain a number of equations equal to the number of unknowns it is
sufficient to consider on each side a number of source points equal to the
number of the parameters, so that the equivalence N, = Np,, is satisfied.
However, fulfilling this constraint, is possible to use different choices related
to particular modeling requirements.

It is convenient to compute the elements of the matrix A ., and of the
vector b, by iterating on the local indices m*, o*, [ and 3 and, subsequently,
by using correspondences between local and global indices, to lead back these
terms to the global numeration. To obtain expressions that can be directly

implemented it is necessary to specify the dependency of the terms in (5.6)

from the local indices:

* l
%Wn* < / B(u) O () dpy =
(5.10)

Ty ll 1 . (a*)
== = | O () A(p)ndpy
=1 2Ja

For brevity, in the sequel, reference will be made to the first row of the vector
equation (5.10):
1

Pt — ll/ D) () () dy =
(5.11)

- Z l2_l / l(x*)ﬁ,?f)(m) [a(z®n1 + zyma) + B(a®n1 + y?na)] du

The term 9.1 is obtained from (5.8) by setting p; = pio+; thus, only the
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parameters of 1 relative to the side m* contribute to the term 12.!.
In order to simplify the implementation it is useful to explicit the first term

in (5.10) by introducing the [ index:

1 Ny Npj Ny Mpl
g¥m = 2251 D TE D o) = 30N AL gt (5.12)
l 1 8=1 I=1p=1

1
in which it is set Aﬁ,}bla% = 5lm*§T(ﬁ_1)(,ua*). By making explicit the first

integral in (5.10), one obtains:

_le/ iip(ﬁ T () (p(m) —P*) - m duy =
2r|[p() — p*[?

(5.13)
Ny Npj (2
=20 Anlaugh
I=1 =1
in which:
. (P() —p*) 1y
A% =1 / T (4 dyy 5.14
matts = g | Ty — P (5:14)

One observes that vector p(u;) — p* turns out to be parallel to side | when
[ = m* so that, although the gradient of x* is singular at the source point, the
scalar product at the numerator in (5.14) is equal to zero.

Finally, for the term that appears at the right-hand side of in (5.10), it

turns out to be:

b, a*=—Z /27r (IIp )1 P||>

[a(@?ny + zyni) + B(x*n1 + y*ng)]| du

(5.15)

where the position of the source point p* is defined by m* e a* as in the

previous formulas.

5.4 Entries of the solution system matrix

We are now going to illustrate the procedure adopted for computing the inte-

grals (5.14) and (5.18) when the integrand function is singular, what occurs
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when [ = m* and p(um+) = p*. As a matter of fact this problem concerns
only the integral (5.18), since the integrand in (5.14) is null when [ = m*. As
it is known, this is a general problem found also in classical weak formulations
[33].

We detail in the sequel the quadrature strategy adopted for integrals (5.14)
and (5.18) when [ # m™; it has been obtained by suitably modifying what has
been proposed in [8]. It consists of subdividing each side of 92 in a number of
segments, with a minimum of 4, function of the distance d; existing between
each side and the source point. The length of those segments, for which the
integrand function is constant, is transformed to the one-dimensional reference
element (parent element), defined in the interval [—1, 1], by assuming for them
a dimension defined by dl(“ ) =4 /(41y).

Thus, denoting by Nguqeq the number of subdivisions of the parent element,
where Ngyqq = max {4, int (2/dl(“)> + 1} , and denoting by g the index of the

generic quadrature point, W, being the relevant weight, one assumes W, =
2

Nquad
In conclusion, integrals (5.14) and (5.18) become:

e pig =—14+(0.5+g)W,.

quad

b Z 76D (1) (2(pug) — %) iz + (y(rug) — y )mng

A®)
27| |p(pug) — P*||?

m a*lﬁ -

(5.16)

_ Ny ll quad 1 ( 1 >
o =252 3 Tt =5

[a($(ﬂl9)2n1 + "E(ng)y(/‘lg)nl) + ﬁ($(ﬂlg)2n1 + y(ﬂlg)2n2)} niWy
(5.17)

Conversely, the analytical calculus of integral (5.18) leads to

bl . — n“ ll/ ( >
m*a 112 1277 [Ip(p ) p*| (5.18)

[a((puag)®na + 2 (pug)y(pug)na) + Bla(pug)*na + y(pug)*na) | nadu
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To implement the analytical and numerical calculus of integrals (5.18) one
needs to explicit the terms p(u;) e p* by adopting the parametric representa-

tion previously introduced:

_(med) |, ( Pi+1 — P > _(med) U
P(i) =P tom\ ) =P + S e
() = Py 27" \|pr41 — pul| l 2

(5.19)

* __x(med) L ( Pi+1 — Pl > _ L
p () =p + o | ) = P + =l €4+
(,u ) l B Mo ||pl+1 — pl|| mm B Hm*€tm,

where e; is the unit vector tangent to the segment. When [ = m*, one gets:

l * l *
2 (1= pa) e = [Ip() = Bl = "2l e

p(w) —p* =

To explicit the expression of [a(:n2n1 + xyni) + B(x*ng + yzng)] it is necessary

to write the first formula of (5.19) in components:

1
() = Tmi + JH (T141 — 1)
(5.20)
1
(1) = Ynu + S H (Y11 — W)
By squaring both sides of (5.20), one obtains
2 2 1 2 9
() =y + Tt (T141 — 1) pu + 1 (T141 — 21)"
: (5.21)
Y2 () = Yy + Yt (Wier = w0) g+ 5 (s — )” i
It is also necessary to write the expression of the product of (5.20)
1 1
2(p)y (i) = Trymt + 5Ymi (@1 = 20) i+ STmt Y1 = 90) put
(5.22)
1 2
+= (111 — 21) (Y1 — i) 1

4

and explicit the following expression
AP -n=[a(p@p)+Bp p)in=
a(p-n)x+ [(p-p)m (5.23)

=a(p-n)p+6(p-p)n=
a(p-n)y+B(p-p)na
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By developing the first component of the vectorial expressions (5.23) it turns

out to be

a(x?ng + zyns) + B2 + y*)m = 2 (a + B)n1 + By°ni + azyny  (5.24)

Finally, grouping constant, linear and quadratics terms one gets

ﬂ:?nl(a + B)n1 + ﬁyfnlnl + AT Ymin2+

Hemi(zip1 — ) (a+ B)n1 + Bymi(Yi+1 — yi)na+

1

+5amns Yt (131 — 1) + Tt (Y1 — y) 1wt (5.25)
1

+Z[($l+1 —z)*(a+ B)ny + Byt — yi)*na+

+amg (2141 — 1) (Y141 — w) i = Ly + My + Nyp?

in which:

Ly = fpgnz(a + B)n1 + ﬁyfnlm + AT Ymi N2
My = Hami(zi — ) (o + B)na + BYmi(Yir — y)na+

1
+gan [Ymi (141 — 1) + T (Y141 — w1)]}

1
Ny = +Z[(:L"l+1 —a)* (e + B)n1 + By — wi)*na+

+ang (141 — 1) (Yi+1 — 1))
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Proceeding analogously one can explicit the second component of (5.23):

1 - 1 :
Ymi + 500 (Y = w) | =V T+ G (T —m) | e =

1 _
= [yfnl Y (e = y) o+ (Y — w)? p? — v+
— 0y (Ti41 — @)  — 1 (z141 — :Ez)zu?] ny =
4 (5.26)
= {(v2, — 722)) + (@i (T111 — 21) = DYt (Y41 — 1))
1
= Lo + Moy + Noyi
in which it is set:
Ly = (Y — Dapy) n2
My = [T (7131 — 1) — DYt (Y1 — 1)] 2
1 2 _ 2
Ny = 1 (Y1 — )" — V(@41 — 21)7 | n2
Finally, expression (5.18) becomes:
I . i
L 2/
’V ¢71n*a* —| qu / In ( / =~ > (Ll + Mllul + Nllulz)dlul
=1 u -1 |:u — Ha*
= 1
L 2/,
2 - / o (2 (Ly + Mapy + Nopi)dp
o A o\ e |
(5.27)

The integral on the right-hand side of the first row of (5.27) can be solved
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analytically as follows

1
lm* l l lm*
47T/[ L11n<2> M11n<2>,ul—Nlln<2>,ulz—|—

~1
1
) Myl (7> it
|t — tax
1
NI (7

l * l * 2
2l dy = -~ |—In| =) (2L1 + =N
Im—ua*>m] p= o (= - | 2Ly + g N+

+ L HY + 2 HE + N |

+L11n (

|t — pa

where

1
HO(}) = / lné dpy
1 = par

1
(2 _ 1
Hy' = /_lﬂllnm_#a* dpu (5.28)
3 ! 1
Hé*) :/ piln dpy
1 e e

These integrals can be calculated analytically:

1)
H.) =2—In(1— pi- —1— |
o (1—pde) +p n<1+ua>
1
2

H(z*): . | o 2 1 &3
« Ho +2 n 1_#a + P+ 110 1—|—'ua*

) ) (5.29)
HY = THae + 5t

ool»—\ OOI»—\

1
In(1 — pia )_gln(l"i'#a*)

by obtaining expressions that are well-defined for —1 < o+ < 1.
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5.5 Calculus of ¥ for points located at the interior

of the domain

The function v at a generic point p internal to the domain can be evaluated

by specializing formula (5.6) at these points:

le/ 2w||p >p)-||2d‘“+
le/ 2 (g 1) AP

in which, now, the values of the function 1 at the boundary is known from

(5.30)

the solution of the algebraic system referred above. For brevity we detail only
the algebraic manipulations pertaining to the first row of the first equation of

the vector equation (5.30)

I —p)-n
Z / 2w||p T

l ) , )
Z / 271- <||p ) — I_)||> [Oé(:n ny +xyny) + Bz ny +y nz)] du
(5.31)

By substituting the first equation of formula (5.19) in the expression

l|p(11) — p||? appearing at the denominator of the left-hand side of (5.31) one

gets:
e 1 ?
lp() — B> = |[r;" 7 + gHu (Trp1 —xr) =T =
(med) 1 2 1 9 (5.32)
= ||lr;"” - T+ SH (riy1 — 1) a + §mbz
where a; = rl(med) T and b; = (rj41 — 1)
Thus
(i) — BII? = ar - a; + by - by + 1by - byuf =
(5.33)

= Ly + My + N
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in which

2
A =a;-a = Hrl(med) —f”

= 1
C) = Zbl by = |t — 1)

One can now substitute the first equation of (5.19) in the expression
(p(u;) — p) - m; that appears at the numerator of the first integrand of (5.31):

d _
[rl(me ) + s (rig1 — 1) — r} ‘ny =

( s (5.34)

r; - f) ‘N + %M (rj41 —17) -1
Since (r;4+1 — r7) is orthogonal to n;, the second term on the right-hand side

of the expression above vanishes and the final result is

(P(u) —p) m = (rl(med) - f) -y = D (5.35)

Further, by exploiting properties of the logarithm, it is possible to re-write the

expression appearing in the second sum of (5.31) to obtain:

1
[t o) = 5107 (22 M+ N
-1

1

1
5 o) = F12) (Lot Mg+ N
1

Thus, formula (5.31) can be implemented by means of the following expres-

sions:

Ny Ny

wl(ﬁ)zzl—;z Ip l—;( Wil +Q(3> (5.36)
=1 " p=1 =1



where _
D,

- _ _ duyg ,
[A; + By + Crpi? | H

1
qjl(ﬁ) — / TO-D (1)
-1
1
oM — 1, / In [4 + Bu + Cuif] d,
-1
1 (5.37)
Ql(z) = Ml/ puln [A; + By + Gy dpu
-1

1
0= inids B o)
-1

Integrals (5.37), also amenable to analytical computation are evaluated nu-

merically as in (5.16) and (5.17).
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5.6 Calculus of derivatives of 1 for points located

at the interior of the domain

To obtain the values of 7 for points internal to €2 one needs to calculate the

gradient of @ at these points. By deriving (5.36) with respect to p one obtains:

n (8)
Pl 8\11 (5

p = 1

Z I an . a@l@) . a@l(3)
8T op op Jop

Having set p(u;, p) = A; + By + C_’l,ulz, derivatives in (5.38) become:

Y = o - - _D
— /1T () 5 pn —D; | duy

aQ (1) /1 Ll ap d'ul

Op , p 0P

8_6_2[(2: 1 Mlﬂl@d

op -1 p OP
8_@1(3): 1 le 8Pd "
op 1 p OP

6 me _

% = -2 (Pl( 9 _ P> — (P1+1 — P1) fu -
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(5.41)
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Chapter 6

Numerical results

To investigate the computational efficiency as well as the accuracy of the
proposed numerical solution, the expressions of stress field, of shear center
and of shear deformability tensor reported in the previous chapters have been
implemented in a Matlab code. In this respect we recall that the particular
BEM method implemented here allows one to obtain the results by assigning
only the vertices of the section, similarly to flexure.

The results of the BEM solution for circular and rectangular domain have
been first compared with the available closed-form solutions. However, these
last ones don’t take into account the Poisson’s ratio dependency. Hence, a
series of numerical tests on some sections have been performed in order to

make a comparison with results from literature.
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6.1 Rectangular cross section

Let us consider a rectangular section assigned by means of the following ver-

tices:

081

06

041

0.2

. . . . . . .
-06 -04 -0.2 0 02 04 06

The resulting shear factor x\YM is compared with the corresponding an-

alytical value x{7" [23] obtained in the case v = 0. Specifically tab.1 reports
the error e = |xNMUM — x4%| /x4 as function of the number of polynomials

assumed to interpolate each side of the polygonal.
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# a7 e | X (23]
3 | 1.2185 | 1.5393 | 1.2000
4 | 1.2001 | 0.0110 | 1.2000
5 | 1.1994 | 0.0468 | 1.2000
6 | 1.1986 | 0.1179 | 1.2000
7 | 1.1995 | 0.0448 | 1.2000
8 | 1.2003 | 0.0273 | 1.2000
9 | 1.1997 | 0.0260 | 1.2000
10 | 1.1978 | 0.1807 | 1.2000

Tab.1: Error of x11 (v =0).

It is apparent from tab.1 that just 4 polynomials for each side are sufficient

to obtain an error below 1% when v = 0.

To evaluate the accuracy of the proposed method for v > 0, numerical

NUM

values x| UM

and x5y ' are compared with those reported in [42].
Notice that in the paper [42] 200 quadratic elements are considered in the
FEM discretization and 100 linear elements for BEM solutions in order to

achieve an error below 1% whereas the same precision is here obtained with

one element for each side and 8 interpolating polynomials.

v X11 X22

Proposed method Petrolo [42] | Proposed method Petrolo [42]
0 1.200 1.200 1.198 1.200
0.3 1.284 1.275 1.198 1.201
0.5 1.368 1.356 1.198 1.201

Tab.1: Shear factors x11 and X292 (8 interpolating polynomials for each side).

We also report in fig.1 the contour plot of the shear stress intensity = =

(7 - 7)Y2 due to a unit shear in the y direction.
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Fig. 1: Contour plot of shear stress intensity due to unit shear in y direction

(v=0.3).
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6.2 Circular cross section

The circular section has been approximated by a regular polygon with 25, 50,

100 and 150 sides.

For each approximation of the boundary the shear factor x
pared with the corresponding analytical value x{7 [18]. In particular it is
reported in tab.3 the error e = |xNUM — x¥| /X% as function of the number

of polynomials assumed for each side of the polygon.

25 elements

# of polynomials | /M e X1 (18]
3 1.1601 | 0.5657 | 1.1667
4 1.1601 | 0.5657 | 1.1667
5 1.1600 | 0.5743 | 1.1667
6 1.1601 | 0.5657 | 1.1667
50 elements
# of polynomials | yVM e X7 [18]
3 1.1650 | 0.1457 | 1.1667
4 1.1650 | 0.1457 | 1.1667
5} 1.1649 | 0.1543 | 1.1667
6 1.1650 | 0.1457 | 1.1667
100 elements
# of polynomials | /M e X1 (18]
3 1.1662 | 0.0429 | 1.1667
4 1.1662 | 0.0429 | 1.1667
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150 elements

# of polynomials | xNUM e X3 (18]
3 1.1665 | 0.0171 | 1.1667

Tab.3: comparison between xV™ and the corresponding analytical value x {3 [18].

The tables above show that a finer discretization of the boundary produces
an error decrease higher then that achieved by increasing the number of poly-

nomials for each side of the polygon.
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6.3 L-Shaped cross section

Let us now consider the L-Shaped section addressed in [53] and defined by the

following coordinates of the vertices

1| 2 | 3 5 | 6
z:] 01105 10.5 1 0
y: 0] 0 1 15.5 | 15.5

Tables 4 and 5 contain the comparison between the results obtained with

the proposed method and those reported in the papers by Sapountzakis [53]

and Schramm [54].

v X11 X22
Proposed Sap.[53] Schramm[54] | Proposed Sap.[53] Schramm[54]
method method
0 3.049 3.063 3.058 1.919 1.899 1.898
0.2 3.060 3.065 1.912 1.900 -
0.3 3.065 3.067 3.062 1.909 1.900 1.899
0.4 3.069 3.069 1.907 1.900 -

Tab.4: Shear factor x11 and x22 (8 interpolating polynomials for each side).
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v Te Ye
Proposed Sap.[53] Schramm[54] | Proposed Sap.[53] Schramm[54]
method method
0 -1.990 -1.998 -1.998 -4.373 -4.425 -4.424
0.2 -1.988 -1.998 - -4.365 -4.426 -
0.3 -1.987 -1.998 -1.998 -4.362 -4.426 -4.424
0.4 -1.986 -1.998 - -4.360 -4.426 -

Tab.5: Shear center coordinates (8 interpolating polynomials for each side).

Notice that 8 interpolating polynomials for each side are sufficient to reduce
the error below 1% whereas 300 constant elements are necessary with the

method illustrated in [53] to obtain the same precision.
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6.4 Trapezoidal cross section

We now address the trapezoidal section defined in [42] by the following coor-

dinates of the vertices:

A A A AAAAAAAAAAAAIIIIIIIIIIIN
AN
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Fig.4: Stress field due to a unit shear in = direction (v = 0.3).

0.5

0.065177

Fig.5: Contour plot of shear stress intensity due to a unit shear in « direction

(v =0.3).
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Fig.6: Stress field due to unit shear in y direction (v
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(v =0.3).
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Tab.6: Shear center coordinates.
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Fig.7: Contour plot of shear stress intensity due to a unit shear in y direction



X11
Proposed Petrolo[42)]

X22
Proposed Petrolo[42)]

method method
0 1.327 1.347 1.091 1.184
0.3 1.351 1.377 1.089 1.186
0.5 1.379 1.410 1.092 1.187

Tab.7: Shear factors x11 and x22 (4 interpolating polynomials for each side).
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6.5 C-Shaped cross section

The C-shaped section considered in this example is derived from [42] and

defined by the following coordinates of the vertices:

x 10
60
- 4.5
40 L 4
- 3.5
20t
13
oF + 2.5
2
20
1.5
1
-40
0.5
_60 1 1 1 1 1
-40 -20 0 20 40

Fig.8: Contour plot of shear stress intensity due to a unit shear in = direction

(v =0.3).
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2
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-40 -20 0 20 40

Fig.9: Contour plot of shear stress intensity due to a unit shear in y direction

(v =0.3).

v X11 X22

Proposed Petrolo[42] | Proposed Petrolo[42]

method method
0 2.633 2.862 2.336 2.270
0.3 2.736 2.874 2.334 2.270
0.5 2.785 2.883 2.332 2.270

Tab.8: Shear factors x11 e x22 (4 interpolating polynomials for each side).
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Proposed | Petrolo[42]
method
Te 29.25 30.38
Ye 0 0

Tab.9: Shear center coordinates (4 interpolating polynomials for each side).
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6.6 A section of arbitrary polygonal shape

In the paper by Petrolo and Casciaro [42] it has also been considered the

section defined by the following coordinates of the vertices:

z:| 0]100| 100 | 8 |80 |40 | O
y: 0] O |100 | 100 | 60 | 20 | 20

60

501

40t

30

20

60

501

401

30

20

% 9 &
-30f 9.3152-005, 31520 0%

L 209r 4 L 0 nan% 0 0o n44 1 L

-80 -60 -40 -20 0 20 40

Fig.10: Contour plot of shear stress intensity due to a unit shear in y direction

(v =0.3).
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Proposed | Petrolo[42]
method
Te 79.95 79.46
ve | 2125 20.53

Tab.10: Shear center coordinates (4 interpolating polynomials for each side).

v X11 X22

Proposed Petrolo[42] | Proposed Petrolo[42]

method method

0.3 1.531 1.522 2.140 2.124

Tab.11: Shear factors x11 € X220 (4 interpolating polynomials for each side).
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Chapter 7

Appendix

7.1 Examples of application of the Gibbs rule

Aim of this subsection is to present a systematic derivation of several differ-
ential identities in order to provide examples of application of the Gibbs rule.
The objective is not to prove new identities but to illustrate a methodology
which, on one side, simplifies the derivation of differential identities by means
of the definition of vector product between vectors and tensors introduced in
(2.6) and, on the other, allows one to express the final result in a manner
consistent with the proposed formalism.

For greater clarity each formula is reported in intrinsic notation followed by
the relevant proof in Gibbs notation. We shall make reference to scalar fields
@ and 9, vector fields a and b and a tensor field A; each field is assumed to
be smooth enough to make well defined the relevant differential operation in

which it is involved.
o grad(yy) = (grad )y + ¢ grad ¥
V(py) = (Vo) + o(VY) (7.1)

see, e.g., the definition (2.32);.
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e grad(pa) = a® grad ¢ + pgrad a

(pa) @ V=a® (¢V)+¢pla® V)

see, e.g., the definitions (2.32); and (2.32),

e grad(a-b) = (grad a)'b + (grad b)ta

V(a-b)=V(a-b)+V(b-a)=(V®ab+ (Veb)a (7.2)

see, e.g., the definitions (2.32); and (2.32),

e grad(axb) = (grad a) x b+a x (grad b) = ax (grad b) —b x (grad a)

(axb)@V=(a®V)xb+ax (beV)

see, e.g., the definitions (2.19); and (2.32),

Remark 1 Notice that the extended Gibbs rule has been applied to the first
addend on the right-hand side in implicit form in the sense that bringing the
factor a into direct connection with @V would lead to an expression xb(a®@ V)

deprived of any significance

e grad(pA) = A ® (grad ¢) + ¢ grad A

(PA) @V =A® (¢V)+p(A V)

see, e.g., the definitions (2.32)1, (2.32)2 and (2.37)

e div (pa) = (grad ¢)-a+ p diva

(pa) - V=a-(pV)+yp(a-V)

see, e.g., the definitions (2.32); and (2.32)3
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e div(axb)=curla-b—a-curl b
V.(axb)=a-(bxV)+b-(Vxa)=-a-(Vxb)+b-(Vxa)

where the rules of the mixed triple product have been used and the

definitions (2.32)3 and (2.32)4 have been invoked.
e div (a®b) = (grad a)b + (div b)a
(a®b)V=(a®V)b+a(b-V)
see, e.g., the definitions (2.32)2 and (2.32)3
e div (pA) = Agrad ¢ + @div A
(PA)V = A(pV) + p(AV)
see, e.g., the definitions (2.32)1, (2.32)3 and (2.33);
e div (Ab) = A'.grad b+ b - div A®
Ab-V=A - (V®b)+b-A'V (7.3)

see, e.g., the definition (2.32)3. Notice that the first addend on the right-
hand side follows from (2.1) and the second addend from the definition
of transpose.

Recalling that the product between two tensors is equal to the scalar

product between their transpose, it does follow that:
Ab-V=A" (baV)+b-A'V
Remark 2 It would have been more immediate to express the action of V
upon b by writing A (b- V) in place of the less intuitive A - (V®b). However,

this would have led to an incorrect result since its order of tensoriality would

have been incompatible with the term on the left-hand side.
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e curl (pa) = grad p x a+ ¢ curl a
V x (pa) = Vp xa+p(V xa)
see, e.g., the definitions (2.32); and (2.32)4
e curl (a x b) = (div b)a — (grad b)a — (div a)b + (grad a)b

Vx(axb) =(V-bJa—(V-a)b+(V-b)a— (V- -a)b=
=(V-bja— (b®V)a+(a®V)b—(V-a)b

see, e.g., the identity (2.13) and the definition (2.32)3

Remark 3 It is worth noting that the symbol (b ® V)a employed in the
previous relation has the same meaning as the more usual (V -a)b ; actually,

it turns out to be:

def . Oa Oda Oda
b-V)a=bj— +by— + b3—
( )a 16:131 + 26:E2 + 36:E3
although it represents, as a matter of fact, (grad b)a.

e curl (a®@b) = (curl b)®a — b x (grad a)?

Vx(agb)l=Vx(ba) =(Vxb)@a+(Vea)xb=
=(Vxb)ea—bx(V®a)

see, e.g., the identity (2.11) and the definition (2.33)2
o curl (pA) = grad ¢ x Al + ¢ curl A
V x (pA) =V x (pA)' = Vi x Al 4 ¢(V x AY)
see, e.g., the definitions (2.32); and (2.33)2
e curl (Ab) = (curl A!)b + 2axial (Agrad b)

V x (Ab) = (V x A)b+ V x (Ab)
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see, e.g., the definitions (2.32)4 and (2.33).

The second expression on the right-hand side and that on the left-hand
one, though formally identical, are actually different since in the second
one A is assumed to be constant, differently from what happens on the
left-hand side. By employing the property (2.18) the second addend on
the right-hand side can also be written as:
V x (Ab) = —axial [V® (Ab) — (Ab)® V]| =
= —axial [(V®@b)A! — A(b® V)] = 2axial [A(b® V)]

where the last identity follows (2.10), the linearity of the axial operator
and the property (CD)! = D!Ct.

Clearly, differential identities involving more than two fields can be proved
recursively on the basis of the previous results. For instance, invoking (7.1)

and (7.2) one has:
arad [p(a-b)] = (grad p)(a- b) + pgrad (a- b) (7.4)

We further prove, on the basis of our formalism, well-known relations in-

volving combination of the differential operators grad , div and curl .

e curl (grad ) =0

since, according to (2.32); and (2.32)4, curl (grad ¢) = V x (V) and

the vector V¢ can be intended as ¢ times the vector V.

e div (curla) =0

a property which follows from (2.38)2 since div (curl a) =V - (V x a) .

e curl (curl a) = grad (div a) — Aa

Vx(Vxa)=(V-a)V—-(V-V)a= (V- -a)V - Aa

see, e.g., the identity (2.13)
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curl (grad a) =0

Vx((@aaV)=Vx(Vea)
see, e.g., the identity (2.38)4

curl (grad a)! = grad (curl a)

Vx[@aeaV)]'=Vx(@aaV)=(Vxa)aV
see, e.g., the identity (2.38)3

div (curl A) = curl (div A?)

(Vx AV =WygA'V =V x (A'V)
see, e.g., the definitions (2.6), (2.32)3 and (2.32),.

div (curl A)t =0

(Vx ANV = (WyA)'V=AWLV =-A(V xV)=0
see, e.g., the definitions (2.6), (2.32)3 and (2.32),.

[curl (curl A)]Jt = curl (curl A)?

(WyAWy) = WLA'WEL = WgA'Wy
see, e.g., the definition (2.34).

curl W, = (div a)I — grad a

VXxW.=-VxW,=-W¢W,
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see, e.g., the identity (2.15) and the definition (2.33).

e curl a = —div W,

Vxa=-axV =-W,V-VxW, = -WyW, = —(a®V)+(a-V)I
(7.5)
see, e.g., the definitions (2.32)4 and (2.33);.

e grad [p diva] = (grad ¢) diva + ¢ grad (diva) = (grad ¢)diva +
¢ div (grad a)?]

Vip(V-a)] =(Ve)(V-a)+¢(V-a)V 16)
=(Vy)(V-a)+p(Vea)V
see, e.g., the identity (7.1).
e div [(grad a)a] = (grad a) - (grad a)! + a - div (grada)! = (grad a) -
(grad a)! + a - grad (div a)

V- [(a®V)a =(V®a) - (a®@V)+a- [(Vea)V] -
=(a®V)-(Vea)+a-[(V-a)]
see, e.g., the identity (7.3).

Additional differential identities and relations fulfilled by the differential

operators grad , div and curl can be proved in a similar way.

7.2 Matrix representation of the fourth-order ten-

sor W, XW,

Let us denote by W, the skew-symmetric rank-two tensor associated with

an arbitrary vector a = {ai,as,as}’. Recalling that the matrix [W,] has
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cartesian components:

0 —as a
Wa = as 0 —aq . (78)
—as aq 0

aim of this section is to provide the matrix representation of the fourth-order
tensor W,y X 'W,.
To this end we first recall that the cartesian components of the dyadic and

of the square tensor products between rank-two tensors A, B € Lin are given

by:

(A X B)ijkl = AijBkl (A X B)ijkl = Aikle VA, B € Lin. (79)

Consistently with the tensor-to-matrix mapping commonly employed in
computational mechanics [63], rank-two symmetric tensors T can be expressed

in vector form as follows:

T = [T11, Ta2, T33, Th2, To3, T51]. (7.10)

Accordingly, fourth-order tensors of the kind A X A, which map second-order
symmetric tensors into second-order symmetric tensors, can be represented by

a 6x6 matrix [41]:

A 2A,
AR A] = (7.11)
Ay Aj
in witch - _
A} A, A% A1 ApAiz ApAss
Ay = | A3, A3, 43, |, Ag = | AgAgs AsAsz AsxAss
A3 A3, AR A31 Az AspAzz AgziAss
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and

A1z + A12Ag1  A1pAzz + A13Aze  A13A21 + Ar1Aos

Az = | A9 Ass+ AgnAgr AgpAss + AsgAsze  AggAsy + Aoy Asg

Az1Arg + AzoArr AszpA13 + AzzAia AzzAi + Az Ass

Applying the previous formula to (7.8) yields:

0 a3 ay 0 —2asas 0
a3 0 a3 0 0 —2aia3
as a? 0 —2a1a2 0 0
(W, XIW,| =
0 0 —aias —a% asaq asa3
—asas3 0 0 aias —a% aias
0 —ajas 0 asa3 aias —a%

(7.12)
which is required to express compatibility equations in a matrix format, see

e.g. formula (2.77).

7.3 Baldacci’s frame-dependent representation of the
shear stress field
Starting from Beltrami-Michell equations (2.110), Baldacci [6] proved that

the non-zero component of the stress tensor, o, = T3 and 7 = [T}3, T3, 0],

solution of the Saint-Venant problem admitted the following representation

o, = (1—2)(-J5't-p)
(7.13)

= —{[A5 (P)] + (V@ )]} [T[t]
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The tensor [A ] appearing in (7.13) is defined as follows
{ % — y? 0 0 }
[Ap] = 0 2_ 2?2 0 (7.14)

where

1
1+v

(7.15)

U=
The inertia tensor has the following expression

JG:/r®rdA
Q

Comparing the expression of Jg with the field A g, it is important to emphasize
the substantial difference existing between the formers, expressed solely in

terms of operations having a frame independent nature, and the latter.

It can be proved that A g, whose matrix representation was originally intro-
duced by Baldacci as defined in (7.14), does not have a truly frame independent

nature.

To prove our statement let us recall the usual frame transformation law for
second-order tensors. Denoting by (i,j) and (i’,j’) two couples of orthogonal
unit vectors and by xy and z'y’, respectively, the relevant coordinates, we
define as Q an orthogonal basis-change tensor; hence i’ = Qi and j’ = Qj.
Accordingly, the components of the same tensor in two reference frames are

mutually related by the expression

where [Q]zy is the matrix containing the components of Q in the reference

frame xy. Notice also that in the reference frames xy and z’y’ the same tensor
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J¢ is represented by formally similar matrixes:

[ / 22dA / zydA 0 | [ / 22dA / 2y dA 0 )
Q Q Q Q

/ zydA / y2dA 0 | Jcloy = / 2'y'dA / y?dA 0
Q Q Q Q

0 0 0 0 0 0

[JG]ry

To summarize, hence, the matrixes [Jgl,, and [Jg],r are formally similar
and represent the same tensor.
Conversely, it can be recognized that tensor A g, represented in the frame

zy by the matrix

generally differs from the tensor A’; which is represented in the second frame

z'y’ by the matrix

To recognize this it suffices to ascertain that the matrix representing A g in the
frame 2’y’ does not generally coincide with the matrix which represents A’y
in such frame. Actually, considering for the base-change the rotation around

the z axis of an angle a whose orthogonal matrix is

cosa —sina 0 }
[Q]my = sina cosa 0 |-
{ 0 0 1 ‘

and assuming for simplicity v = 0, it is immediately recognized that the matrix
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representing A g in the frame z'y’ is

[AB]m’y’ = [Q]tmy [AB]IZ/ [Q]my =

22 cos 2a + y? sin’a —2? sin o cos a + 9% sin a cos @ 0
= | —2? sin o cos a + 32 sin « cos a z2 sina + y? cosa 0
0 0 0

Hence, being [A g,/ non-diagonal, it generally differs from [A’z],r , so that,

as a general rule, Ap and A’; are different tensors.

7.4 Further identities

We further illustrate the proofs of vector and tensor identities that appear in

4.1.4 by adopting indicial notation.

7.4.1 Proof of identity (7.16)

The identity
[(r-r)rt=[(r-r)(rorh)|V (7.16)

that in indicial notation reads
prprri = (Prprpip} ). (7.17)

is demonstrated in a straightforward way by differentiating the right-hand side
of (7.17)

(Peprpip7).5 = (PkPE),3PiPT + PrPEPI TS + PRPEPITS (7.18)

Observing that
(PkPK), 5 = 2Pk, Pk = 20kjpr = 2p; (7.19)

one recognizes that the first term of the sum in (7.18) is zero by virtue of the

orthogonality of r and r-. Moreover, also the third term on the right side of
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(7.18) is zero since pjf ; = 0. One finally obtains
(PkPEPiPT )5 = PRPEP:,jPT = PrPROIPT = PrPRPT (7.20)

7.4.2 Proof of identity (4.92) and (4.92)

The developments providing the identities exploited to develop the counter-
parts of (4.87) and (4.88) in divergence form are reported below. Upon setting
pj = %(phphpi), one has

Pj,kk = Pj (7.21)

This relation is computed below

(onpnpi) ik = [(pron),kpi + (pron) ikl & = [20k0i + (Pron)dik] k. =
= 2pk,kPi + 20i,kPk + (PrPR), K0k + (PRPR) ik k =
= 4p; + 2p; + 2prdix = 8p;
Moreover one has

1
Pik = §(2Pkpi + Prprdik)-

7.4.3 Proof of identity (4.96)

The identity

1[(pipi)phpkpz],z (7.22)

(Pz’ﬂz’)ﬂhﬂk = 6

is demonstrated in a similar way. The derivative of the terms in square brackets

on the RHS of (7.22) is

[(pipi)prprpil, i = (pipi),ionprpr + (Pipi) ph, 1pKPI+ (7.23)

+(pipi) prpr, 11 + (pipi) PrPrPL L

and since
Pi,1Pi + pi,it = Oupi + pidi = 2p1 (7.24)

then (7.23) achieves the following expression

2(pip1) prpx + (pipi) prpn + (pipi) prpk + 2(pipi) prpi = 6(pipi) prpk - (7.25)
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7.4.4 Proof of identity (4.97)

On account of (7.24) one has

[(pipi)(pipi)pl,i = 2(pipi),i(pjps) + (pipi) (pips)piL =
= 2(pipi) 1(pjps) + 2(pipi) (pjpj)

and hence the result

(oo00) (Pape)Oni = 5[0 (paps) pidvil 1.
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7.5 Nomenclature

A cross-sectional area

G centroid of the cross-section domain
J tensor of inertia

l cylinder length

M, M; bending couple and torque

T,N  shear force and normal force

x,y,z Cartesian coordinates

i,j,k  unit vectors

o, € longitudinal stress and elongation

E Young’s modulus

G tangential elasticity modulus

v Poisson’s ratio

n unit outward normal to the cylinder boundary

S E stress and strain tensors

r,u position and displacement vectors

p,u position and displacement vectors restricted to the cross-section plane
D, shear deformability tensor
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