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PREFACE

The papers in the present and next issues of JCAM are ded-
icated to an excellent scientist: Professor Barna Szabo6, who
turned 85 this fall. He was a student of the Faculty of Mining
Engineering of the Technical University for Heavy Industry
in Miskolc (now the University of Miskolc) between 1954 and
1956. For political reasons Professor Szabo had to leave Hun-
gary following the failed Hungarian uprising in 1956. After
emigrating from Hungary he completed his university stud-
ies in Canada, and then obtained a PhD degree and made a
scientific career in the United States. It is worth mentioning
his important contribution to the theory of the finite element
method here. Readers who would like to have more details ‘
concerning Professor Szabd’s scientific activity are referred to paper [1] in JCAM.

One of his fundamental results was the observation of the fact that increasing the
polynomial degree p of elements on a fixed mesh results in a rate of convergence in
energy norm that is faster than if fixed p and uniform or quasi-uniform mesh refine-
ment, known as the h-version, are used. The term “p-version of the finite element
method" first appeared in a 1981 publication |2| in which the theoretical foundations
were established for a discretization strategy whereby the finite element mesh is fixed
and the polynomial degree p of the elements is progressively increased. The results
presented in this paper motivated research in the applied mathematics community on
the properties of high order finite element methods, which still continues.

Szabo recognized that it was of fundamental importance from the engineering and
scientific perspectives to formulate mathematical problems that simulate some spe-
cific aspects of a physical reality with sufficient reliability to justify basing engineering
decisions on them.

In 1989 Szabdé co-founded a company called Engineering Software Research and
Development, Inc. (ESRD). The mission of this company is “to create and market
software tools for the advancement of the quality, reliability and timeliness of infor-
mation that serves the engineering decision-making proces&El”. ESRD produces and
markets the software StressCheck, which is the only finite element analysis software
tool designed to meet the technical requirements of simulation governance . It is
used primarily in the aerospace sector.

Szabo has published over 150 papers and two textbooks ,. The second edi-
tion of book [4] is coming out soon. He is a founding member and Fellow of the US

Lyyww.esrd.com
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Association for Computational Mechanics. Among his honors are election to the Hun-
garian Academy of Sciences as External Member in 1995 and Doctor Honoris Causa,
University of Miskolc in 1998.

Professor Szabo has never forgotten about his roots. He used to say that "Half of
my heart beats for the country that helped me to become who I am now and the second
part of my heart beats for my homeland Hungary." Since the early seventies — the
communist authorities in Hungary had not allowed him to visit his homeland earlier
— there has been a living cooperation between him and members of the Institute of
Applied Mechanics at the Miskolc University. We are very grateful for his continuous
support and the help he has been providing us even now.

Miskolc, November 15, 2020 Laszl6 Baranyi, Istvan Paczelt and Gyorgy Szeidl
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Abstract. Considering the power series expansion of the three-dimensional variables with
respect to the shell thickness coordinate, an equilibrated stress space for the first Piola-
Kirchhoff stress vectors is derived in convective curvilinear coordinate system. The infinite
series of the two-dimensional translational equilibrium equations are satisfied by introducing
two first-order stress function vectors expanded into power series. For the important case
of thin shells, the infinite number of two-dimensional equilibrium equations is truncated
to obtain a ‘first-order’ model, where the equilibrated stress-space requires three vectorial
stress function coefficients only. The formulation presented for thin shells is compared to the
nonlinear equilibrium equations of the classical shell theories, written in terms of the first
Piola-Kirchhoff stress resultants and stress couples and satisfied by the introduction of three
first-order stress function vectors.

Mathematical Subject Classification: 05C38, 15A15
Keywords: shell theory, equilibrated stress space, first-order stress functions

1. INTRODUCTION

A self-equilibrated stress space in elasticity can be generated by stress functions
through differentiation. A divergence-free second-order stress tensor requires first-
order stress functions and the stress components are obtained by the combinations of
their first-order derivatives. When the symmetry of the stress tensor is also a priori
required, second-order stress functions are needed. In that case the stress compo-
nents are generated by the combinations of the second-order derivatives of the stress
functions.

The terminology ‘first-order’ and ‘second-order’ for describing stress functions has
been introduced by Fraeijs de Veubeke [113]. A self-equilibrated divergence-free stress
space requires six non-zero components of the tensor of first-order stress functions [2|
4. 5], whereas a symmetric and divergence-free stress space requires three non-zero
components of a second-order stress-function tensor 2, |6]. The main advantage in
the use of first-order stress functions, from the point of view of finite element analysis,
is that they require Cy-continuous approximations, in contrast to the Cj-continuity
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requirement for second-order stress functions. In addition, the use of first-order stress
functions “not only simplifies the construction of stress elements by a reduction to Cy
continuity but opens the field to the three- or two-dimensional stress elements with
curved boundaries” [2].

The stress function approach and the related complementary energy-based varia-
tional principles have been successfully applied in the finite element analysis of two-
dimensional elasticity problems, see, e.g., |2} |7TH9]. For three-dimensional problems,
however, no efficient finite element model exists, which is due mainly to the Ci-
continuity requirement for the second-order stress functions on the one hand, and to
the structure of the zero-energy modes and the difficulties with their suppression for
the case of first-order stress functions, on the other hand [10].

Complementary energy-based equilibrium models using stress functions have also
been developed for structural members like plates and shells. Considering the anal-
ogy between the special forms of the linear kinematic equations and the equilibrium
equations for shells, stress functions were introduced for cylindrical shells by Schaefer
|[11] and for general shells by Giinther [12] and Goldenveizer [13]. The relationship
between those shell stress functions and the Maxwell-Morera-type second-order stress
functions has been investigated by Yamamoto [14]. Based on the Kirchhoff-Love kine-
matical assumption, a nonlinear shell theory with finite rotation and stress function
vectors was proposed by Simmonds and Danielson |15] and later, using alternate stress
and conjugate strain measures, by Atluri [16]. In those works the membrane equi-
librium equation is satisfied by one first-order stress function vector and the bending
strains are described by one rotation vector. The mixed variational principles pro-
posed in those works rely on both the bending strain energy and the complementary
membrane energy of the shell.

An equilibrium finite element model for plates has been developed by Punch and
Atluri [17]. The intrinsic shell theory formulated by Valid [18] is also based on the
Kirchhoff-Love kinematical assumption and assumes the existence of a two-dimen-
sional surface complementary strain energy density. The linearized equilibrium equa-
tions, written in the terms of stress resultants and stress couples, are satisfied by the
introduction of a first-order and a second-order stress function vector. For the nonlin-
ear equilibrium equations of the shell theory considered in [18], however,
“every attempt to find SA (statically admissible) stresses would be illusory”, as stated
on page 75 of [1§]. Dual-mixed hp finite element models for cylindrical shells using
first-order stress functions and rotations have been developed in [19] and [20].

The main goal of this paper is to derive an equilibrated stress space for nonlinear
shell problems without any a priori-made kinematical assumptions for the deforma-
tion. Considering the shell as a three-dimensional body, the starting point of the
derivation is the three-dimensional equilibrium equations for the first Piola-Kirchhoff
stress vectors. The dimensional reduction procedure is based on the Taylor-series
expansions of the variables, describing the geometry and the mechanical state of the
shell, with respect to the thickness coordinate.

In Section [2] the basic concepts and the notation necessary for understanding the
paper, are summarized. Section [3| presents a dimensional reduction procedure for the
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derivation of an equilibrated stress space for the first Piola-Kirchhoff stress vectors
in convective curvilinear frame, attached to the shell middle surface. The infinite
series of the two-dimensional translational equilibrium equations, written in terms
of the expanded stress coefficients, are satisfied by introducing two first-order stress
function vectors expanded into power series. The equilibrated stress spaces are given
for two cases: equilibrium without and with satisfied stress boundary conditions on
the shell faces. Section 4] considers the important case of thin shells, for which a ‘first-
order model’ is derived. The equilibrated stress space for the finite number of stress
coeflicients is compared to the equilibrated stress space derived for stress resultants
and stress couples of the classical shell models, and the relationships between the
first-order stress function vectors are derived.

2. GEOMETRIC PRELIMINARIES

This section summarizes some fundamental concepts used in shell theories and intro-
duces the notation applied throughout the paper. Both invariant and index notations
are applied. When the index notation is used, the summation convention is applied.
Latin indices, as usual, take the range of values 1,2,3 and the Greek indices of the
values 1 and 2. The scalar product between two tensors is indicated by one dot. The
tensorial or dyadic product between two tensors of any order has no special sign.

2.1. Reference domain. To describe the deformation of the shell as a three-dimen-
sional (3D) body, we define first a simply connected two-dimensional (2D) reference
domain, a plain denoted by S, which is bounded by a sufficiently smooth boundary
curve £ and parametrized by the coordinates €. Let a 3D reference domain be defined
as

V = {g]em € S, ¢ < d/2), (2.1)
where the coordinate ¢ is measured along a straight line perpendicular to the coor-
dinate lines £ at each point of S, and d is the thickness of the domain (Figure .
It is assumed that d is independent of £, i.e., the thickness of V' is constant. The
surface S described by the equation &3 = 0 is called the middle surface of V. The
boundary surface of V, denoted by S, consists of the top and bottom surfaces

S* = {&]¢* € 8, & =+d/2} (2.2)
and the lateral surface B

5= {g]€* e, 18] < d/2} (2.3)
for which the relations S = S* U S*, S* NS> = () hold.

In the subsequent analysis it is assumed that an arbitrary tensor quantity T'(¢%),
defined at the point & € V| can be differentiated sufficient number of times with
respect to &3 and can be expanded into Taylor-series around the point ¢ = 0:

) oT , 1 0T .
T(¢) 375353205 +§W53:0(£) + o

T(E*,0)+

oT(EY) + T(E) &+ .TE) () + - =D JT(E) ()", (24)
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where the left subscript n = 0, 1,2, ... refers to the coefficient of the n-th power of ¢3.
Note that the coefficients ,T(£%), n =0,1,2,... depend on the coordinates £* only.

2.2. Initial and current configuration of the shell. The initial and the current
configuration of the shell are denoted by °V and ‘V, respectively, the material points
of which are labeled by the Cartesian coordinates X* and z® (Figure [I). The 3D
domains °V and 'V are obtained as one-to-one nonlinear mappings from the reference
configuration V', according to the equations

X = X (&), X4 = X&) (2.5)
and .

r =z, 1), = z*(¢" 1), (2.6)
where £ are the convective coordinates. The deformation of the shell is described by
the nonlinear mapping

z=z(X,1), % =x*(X*t). (2.7)

The relationships between the mapping functions (2.5)-(2.7) are given by x(€,t) =
z[X(€),t] and (X ,t) =z [£ (X),t]. The faces of the shell in the initial and the

Figure 1. Initial and current configurations of the shell

current configuration are denoted, respectively, by °S* and “S*, the lateral surfaces
by °5* and 'S*, the middle surfaces by °S and *S, and their boundary curves by %
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and Y (Figure . The unit normals to the shell faces are denoted by °n* and *n*,
and those to the lateral surfaces by °n* and ‘n*.

Applying the material description of the deformation, the mapping that de-
fines the initial configuration °V is assumed, without loss of generality, to be a linear
function of &3:

X(€) = o X(€%) +.X ()¢ (2.8)
The coordinate lines &3 in °V are straight and assumed to be perpendicular to the

middle surface °S. The mapping (2.6 that gives the current configuration *V is, in
general, a non-linear function of £ and can be given as

2(€) = om(€Y) + . 2(67) € +.m(€7) () + .. (2.9)

with an unknown number of coefficients , (%), n =0,1,2,.... This means that the
coordinate line ¢ in *V is usually neither straight nor perpendicular to the deformed
middle surface S.

Remark. Classical plate and shell models are usually based on kinematical assump-
tions that can be considered as restrictions to the mapping and its Taylor series
. The Reissner-Mindlin plate model |21} |22] and the Naghdi shell model 23} [24],
for example, assume that the mapping is linear in 2. The Kirchhoff-plate model
(25 and the Love-Novozhilov-Sanders-Koiter shell model [26({29] assume, in addition,
that the coordinate line &3 is perpendicular to the deformed middle surface, according
to the Kirchhoff-Love hypothesis.

2.3. Convective base vectors. The convective covariant base vectors in the initial
configuration are given by
0X

A& = Pea (2.10)
which, using (2.8), can be written as
0, X | 0, X 3 o an #3
Ao = aee T oga £ = 0Aa(") + 1A4a(€7) €7, (2.11)
Az = 1 X (%) = 0 A3 (€7), (2.12)

where (A, (%) denotes the (convective, covariant) tangent base vectors to the middle
surface °S (see Figure[2). According to (2.11)-(2.12), the variation of A, in & is lin-
ear, whereas As = ,Aj is constant in £3. Since the coordinate line &3 is perpendicular
to the middle surface °S, As = ,As is the unit normal to the surfaces £3 = constant
in the initial configuration.

Taking into account , the coefficients ; A, in the power series can be
expressed by the base vectors ,Ag as

C0.X 9,43
1Aa = gen ~ oee

= -B? Ag, (2.13)

where
B=RB A3 ,A*=— A, , A%, Bf=—-4A, A" (2.14)
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Figure 2. Base vectors in the reference and the current configuration

is the (symmetric) curvature tensor of the middle surface °S. Taking into account

(2.13), equation (2.11]) can be rewritten in the form

A, = (68 - BEEY,Ap. (2.15)

Introducing the shifter tensor as
po=A,- A" pl=00-BlE, i =pi=0 pi=1,  (216)
pw=pb A, A=A, JA° (2.17)

and its inverse

()= 0Aa- A" pt=(u)) Ay A= (A, AY pepTt =1, (218)

a

the relationships between the covariant base vectors (2.12)) and (2.15)) can be given
by

A, =l Ay, WAg = ()2 Ay, (2.19)
and those between the contravariant base vectors by

AP = (u 1) A, WAV = b A (2.20)
The determinant of the shifter p in terms of the curvature tensor is given by

p=detp=1— (tr B) &> + (det B) (£3)?, (2.21)

where tr B = BS and det B is the determinant of B. For thin shells the approxima-
tions
w=1, publ=06b =1 (2.22)
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can be applied for the shifter. The derivative of the shifter (2.16) and its determinant
(2.21) with respect to &3 are proportional to the curvature of the shell, i.e., they
cannot be neglected either for thin shells.

The covariant components of the metric tensor at the arbitrary point of the shell in
the initial configuration are given by Ay = Ay - A;, and on the middle surface °S by
oAk = oAk - 0A;. Their determinants, denoted by A = det Ag; and A = det Ay,
respectively, are related to each other by

VA = u/oA, (2.23)

where /A is also known as the Jacobian of the mapping X = X (£). Using the
contravariant metric components A% and ,A%, the relationships between the co-
and contravariant base vectors are given by

Al =AY A, AT = AT A (2.24)
The convective covariant base vectors in the current configuration are defined by
- ox
Ny —
ay(€) = Sor (2.25)
Taking into account (2.9), they can be written as
ap(€) = 0ap(E%) + 1a,p(6) € + 5@,y (€) (€7)° + .., (2.26)

where ,a,(£%) are the base vectors on the deformed middle surface S (Figure .
As can be seen from (2.26)), a, is, in general, a nonlinear function of ¢3. When the
deformation gradient

ox

is known, the convective base vectors in the current configuration can be obtained as
a,=F A, a’=FT. A% (2.28)

3. EQUILIBRATED STRESS SPACE OF THE SHELL

Nonlinear dual-mixed finite element models based on equilibrated stress spaces
can be constructed by satisfying the translational equilibrium equation for the first
Piola-Kirchhoff stress tensor through the introduction of first-order stress functions.
The rotational equilibrium, i.e., the symmetry of the Cauchy stress tensor, is satisfied
in a weak sense through the variational formulation and by the corresponding finite
element model. For shells with arbitrary geometry, the construction of an equilibrated
stress space in convective curvilinear coordinates requires special considerations. As
will be shown in this section, the key issue is the use of the vectorial form of the
translational equilibrium equation in the shell coordinate space. The Taylor-series
expansion of the stress vectors leads to a sequence of two-dimensional translational
equilibrium equations that can be satisfied by introducing first-order stress function
vectors.
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3.1. Vectorial equilibrium equations.
3.1.1. Translational equilibrium. The three-dimensional translational equilibrium
equation for the first Piola-Kirchhoff stress tensor P = P*a; A, in the convective
coordinate system is given by
P-°V+ %b=0 X eV, (3.1)
where
0
¢t
is the differential operator in the initial configuration, % is the mass density in the un-
deformed state and b is the prescribed body force density per unit mass. Introducing
the first Piola-Kirchhoff stress vectors as
pl=P- A" P=p‘A, (3.3)

and making use of the identity

OV: Az

(3.2)

P.°V = aipf + i M pl
ogt VA 0¢t
for the divergence of the second-order tensor P (see, e.g., [30]), the equilibrium equa-
tion can be rewritten in vectorial form:
1

VA
Note that equation contains the covariant derivative of the stress components
PF whereas the vectorial equation contains the partial derivative of the stress
vectors p’. This is an important fact when the construction of an equilibrated stress
space is needed in a general curvilinear coordinate frame.

(3.4)

(VAP ),e+%pb=0 X e °V. (3.5)

3.1.2. Rotational equilibrium. The symmetry of the Cauchy stress tensor o = J 1 P-
FT in terms of the first Piola-Kirchhoff stress vectors is expressed by the vectorial
equation

a; xp‘=0, (3.6)
where a; are the base vectors defined by . Satisfaction of the rotational equi-
librium equation is not required a priori in the stress-based dual-mixed shell
model under consideration, it is given here only for the sake of completeness.

3.2. Equilibrated stress vectors. To derive an equilibrated space for the first
Piola-Kirchhoff stress vectors p’ in the convective coordinate system, the three-
dimensional translational equilibrium equation (3.5)) is rewritten first by making use
of (2:23):
1
—— (VoA pp) e +pub =0 3.7
\/J( oA pup*).e +pp (3.7)

in which v/, A depends on £ only. The stress vectors up*(£?) and the body force vector
%ub are expanded next into power series with respect to the coordinate £3 = (:
plo=p'(€", ) = D aphEN) ¢ (3.8)

n=0
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b= pub(E*,() = > ab(£) (" (3.9)
n=0

Inserting (3.8)) and (3.9) in (3.7), the three-dimensional equilibrium equation is re-
placed by a series of two-dimensional equations, according to the powers of (:
1
VoA

Equilibrium equations in (3.10)) can be satisfied by introducing two arbitrary but
differentiable first-order stress function vectors, denoted by ¥ and X, and expanding
them into power series with respect to ( as

(VoA ndx+(n+1) p1p® + nb=0, n=0,1,2,3,.... (3.10)

YENQ) = ) ()¢ (3.11)
n=0

X(£%0) = ) ax(€M)¢ (3.12)
n=0

Then the equilibrium equations (3.10)) are identically satisfied by the following stress
vectors:

1
2,A "
nj)?) = 0535 nX, B n=1234,.., (314)

WP = ot = (n 1) X - Fon=0,123..., (313)

where ,e* and ,€3” are two-dimensional permutation symbols defined by
L,if A=1,8=2 1,if g=1
AB ) ) 368 __ )
VoA o€ _{ 1 if A=2,8=1 + Voo _{ 1if =g o (315)
and
W :/ (A bder, n=0,1,2,.. (3.16)
(&»)

are known load vectors obtained from the prescribed body forces by integration along
the coordinate lines ¢! and £2. Note that ,p> does not appear in and, therefore,
in , its value is arbitrary, at least from the point of view of equilibrium.
Dual-mixed finite element models based on the above stress space require the sat-
isfaction of the stress boundary conditions on the top and bottom faces, as well as
on the lateral surfaces of the shell. These boundary conditions can be satisfied by
applying the Lagrange multiplier technique, i.e., using hybridized elements.

3.3. Equilibrated stress vectors with satisfied stress boundary conditions on
the faces. In the classical, dimensionally reduced shell models it is generally assumed
that on the top and bottom faces of the shells only surface loads are present and the
prescribed tractions are naturally included in the equilibrium equations written in
terms of stress resultants and stress couples. Considering the equilibrium equations
in the form , the prescribed loads on the faces of the shell can be taken into
account as follows.
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3.3.1. Stress boundary conditions on the faces of the shell. The stress boundary con-
ditions for the first Piola-Kirchhoff stress vectors (3.3) at the top and bottom faces
9S% of the shell with outward unit normals °n* = +A% = + A3 are given by

+ p3 = °p* X € °S*, (3.17)
and on the lateral surface °S); with outward unit normal °n* = °n A* is given by

' pt = °p~ X € Sy, (3.18)
where °p* and °p™ are prescribed tractions.

3.3.2. Vectorial equilibrium including the surface load components. In view of the left
side of (3.8)), the stress boundary conditions (3.17)), prescribed on the top and bottom
faces of the shell for the first Piola-Kirchhoff stress vector p3, take the form

+ pd=putp* X e °S* (3.19)
which, taking into account (3.8]), is rewritten as
3, d g dgy 4 diy .3 + opk
0P’ + 5.+ (5)7D7 o+ () D =t (3.20)

Subtracting and adding the two equations corresponding to the signs + in ([3.20)), the
equations

do, .5 d 1

B (5P () = LB B, (32))
PP () = S ) (322)

are obtained. For the sake of compact notation, let the load vector components
BE) = (B ), (323)
pEY) = ; (W °p" +p°p7) (3.24)

be introduced. Then the load vector defined by

P =0oP +.P¢ (3.25)
at ¢ = £ d/2 takes the values of the prescribed loads on the top and bottom surfaces:
(e, +d/2) = % p* °p*. (3.26)

Taking into account (3.23))-(3.24), the coefficients ,p3 and ,p3 can be expressed from
the stress boundary conditions (3.21))-(3.22) as

1133 = p- Z() 21+1Pa (3.27)

PP = ;2(013 - Z( ) l2z+2i73- (3.28)

i=1
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Inserting them in the first two equilibrium equations of (3.10) that correspond to
n = 0 and n = 1, the translational equilibrium equations including the prescribed
loads on the faces are given by

1 . O dN 2 R _ .
n=0: (VoA 0P A — Z (*) 2i41P° + 1P+ ob =0, (3.29)

v =2
1 N XL dN2 . 8 g s

n=li o (VA ),A—2;(2) ais2b” + (B~ b®) + b =0, (330)
1 R R -

n>2 (\/oA np)\),)\ + (n + 1) n+1p3 +,b=0. (3.31)

VoA
Equations for the case n > 2 are identical with those in (3.10). Note also that
the value of ,p> is not arbitrary in this case: due to and (3.28)), it appears in
the equilibrium equations.

3.3.3. Equilibrated stress vectors. Equilibrium equations (3.29)-(3.31)) can identically
be satisfied by the stress function vectors 1 and X, introduced in Section Consid-

ering their power series expansion (3.11))-(3.12)) with respect to &3 = ¢, the equilibrated
stress vectors are given by

) N2 1
op/\ = OGAﬁ 01/),,3 - 063/\ Z (5) 2i+1X _m lf/\, (332)
i=1 0
R 8 2L d\2i 1
1p)‘ = OEAﬂ 1’l,b”g + diz 063)\ oX — 2063>\ ; (§> 2i4+2X —m 0 )\, (3.33)
. 1
npA = 06/\6 n’lp,[-} — (’I’L + 1) 063A n+1X _m an7 n = 2, 3,4, ceey (334)
0
ni)g = 063)\ nX,)\) n= Oa 3a 4; 57 LK} (335)
where
8 ~
= [ VA Ba (330
1f>\ = (&A)%Z(lf’ + oi)) df)\ (3'37)

are known load vectors obtained from the prescribed body forces and surface loads by
integration along the coordinate lines ¢! and £2. The load vectors nf)‘, n=273,...
in are defined by and the permutation symbols ,e*? and ,€3? by .

Note that since the stress vectors ;9> and ,p> are computed in this case from the
stress boundary conditions on the faces, according to and , the equili-
brated stress space — does not require the use of the stress function coef-
ficients ;X and ,X. This means that the finite element models based on the stress
space —, with satisfied stress boundary condition on the faces, are more
efficient than those based on and of Section The fact that the num-

ber of the unknown stress function components is less by 6 for the present case has
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a special advantage in the modeling of thin shells, where a first-order approximation
with two equilibrium equations from (3.10)) is usually enough for an accurate solution

(see Section []).

3.4. Equilibrated stress components. The equilibrated components of the first
Piola-Kirchhoff stress tensor can be obtained from the definitions of the stress vectors
(3.3) and (3.8). Introducing the components of the stress vector p* with respect to
the base vectors ,A; as

i)é — pk@ oAka I_%ké _ i)é . oAk _ ,Upe . 014167 (338)

the power series of p* in (3.8)) can be rewritten as

i)Z:Z”AZCn:ankloAkCn, (339)

n=0 n=0

from which the coefficients ,,p* are obtained as
D= WP LAL, n=0,1,2,3,.... (3.40)

Considering the stress function vectors (3.11]) and (3.12)) in the expanded forms

’l,ZJ = wk oA = (Z nwk Cn) OAka (3'41)

n=0

k K

X = X oAr= (D aX ¢") oA (3.42)

n=0

the equilibrated stress coefficients , P for the case of Section are obtained by
inserting (3.40))-(3.42)) in (3.13)) and (3.14):

npk)\ = 06)\'8 nwkm - (Tl + 1) 063)\ n+1Xk e n(fk))\a n= 07 17273a tee (343)

WPP= e8P xR n=1,23/4,.., (3.44)

where n(fk))‘, n = 0,1,2,3,... are the components of the load vectors (3.16) with
respect to the base vectors ,Ayg, and the sign | in the right subscript followed by
B refers to the three-dimensional covariant derivative on the middle surface °S with
respect to &P: B
w0, = w0, + Ut T (3.45)
with Christoffel-symbols f‘fm = Apm OAk, defined on the middle surface of the shell
in the initial configuration.
The components of the equilibrated stress space for the case of Section can be

obtained from equations (3.32))-(3.35) by inserting (3.40)-(3.42)) in them:
. > dN 2
PR = Pk — e Z (5) 2ip1X* — 2\F (N (3.46)

. 1
kX 3)\ 2 k kyA
1P - 1d) 18 + d2 06 - ( ) 27,+2X - 2@ O(f ) I (3'47)
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1

2LA "
WP = SN x| n=0,34,5,.., 3.49
BN

where ,,(f*)*, n =0,1,2,3,... are the components of the load vectors (3.36)-(3.37))
and 1) with respect to the base vectors ,Aj. The stress components ,P*® and

,P*3 are obtained from equations (3.27)-(3.28):

nPkA = oEAﬁ nwk\ﬁ - (n + 1) 0€3>\ n+1Xk - (fk))\a n= 27 3a47 ey (348)

PR oy (g)% 2is1 P8 (3.50)
=1
2pk3 = %(oﬁk - opks) - Z (g)Qi 2i+2pk3' (3'51)
=1

The shifted components P*™ of the first Piola-Kirchhoff stress tensor with respect to
the base vectors ,A; can be obtained using the definition

P =P A AL (3.52)
and the relations (3.3]), (3.8)), (3.38) and (2.19)):
1 1 - 1 .
P=p‘'A = —p'A = —P" AL A = — ' P* Ay A, (3.53)
[ u [

On comparing (3.52)) and (3.53)) the relation
_ 1 R
Prm = — i Pkt (3.54)
I
is obtained. The expanded coefficients of the equilibrated stress components P

can be derived from (3.54)) by inserting (3.43)-(3.44)) or (3.46)-(3.51)). The resulting,
rather lengthy, expressions are not listed here.

4. THE SPECIAL CASE OF THIN SHELLS

In the previous sections there was no limitation on the thickness of the shell. The
number of the stress coefficients in the power series has been considered to be infinite,
which resulted in an infinite number of two-dimensional equilibrium equations of the
shell. When the numerical solution of a shell problem is needed, however, only a finite
set of equations can be considered and solved efficiently. Depending on the number
of the two-dimensional equilibrium equations chosen, a large variety of dimensionally
reduced shell models can be derived, and hierarchic sets of shell models can also be
constructed. In this section an equilibrated stress space for thin shells is derived. It is
assumed that the stress boundary conditions on the shell faces are a priori satisfied,
just like in the classical shell models, which means that the procedure described in
Section [3.3| can be applied.
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4.1. Equilibrated stress space for thin shells. In the case of thin shells, let
the first two equilibrium equations of be selected and let the other equations,
corresponding to the higher powers of €3 = (, be neglected with the assumption that
they are identically satisfied. The two equations for n=0 and n=1 are

1 X ) .
\/Z (\/OA Op)\),)\ + 1p3 + ob - 0, (41)
1 X .
A (VoA 1P x +2.9° + 16 =0. (4.2)

According to these equations, the first Piola-Kirchhoff stress vectors p’, defined in
(3.8), are approximated across the thickness of the shell by linear and quadratic
polynomials in (:
PMEN Q) = oPMNEM) + DNENC, (4.3)
PYEN Q) = PPEY) + D (E) ¢+ PP (EY) ¢ (4.4)
Following now the method applied in Section the coefficients ,p® and ,p> can be
expressed from the stress boundary conditions (3.21f)-(3.22]) prescribed on the shell

faces: in view of (4.4]), equations (3.27)-(3.28) simplify to the form

PP = P (4.5)
N 4 4
PP = EP o oD’ (4.6)

Substituting (4.5)-(4.6)) into (4.1)-(4.2)), the equilibrium equations for the first Piola-

Kirchhoff stress vectors ,p* and ,p* take the form
1

ﬁ(\/voﬁA),wlﬁﬂB = 0, (4.7)
1 . 8 8 .
ﬁ(voAlp*),A—d—Qopﬂﬁophb = 0. (4.8)

These equations can be deduced from (3.29))-(3.30)), as well, by neglecting the higher-
order terms. The equilibrated stress vectors, satisfying (4.7)-(4.8) are obtained from

. 1
Op>‘ = 0€>\B o/l.b,ﬂ - m 1f)\7 (49)
oD? = € X 0, (4.10)
. 8 1
lp)\ = 0€>‘B 1¢,B + ﬁ 063)\ OX _ZM of/\7 (411)

where ,f* and , f* are defined by (3.36)-(3.37). From (4.9)-(4.11)) it follows that the

power series of the stress function vectors (3.11)-(3.12)) are restricted now to linear
and constant functions, according to
PY(E"CQ) = op(E") +.9(EY) ¢, (4.12)
X (£%¢) = ox(§%), (4.13)
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i.e., only three first-order stress function vectors, 43, 1 and (X, are required in this
model for thin shells.

The equilibrated first Piola-Kirchhoff stress components can be obtained from equa-
tions ((3.46 — of Sectionby taking into account the stress function space (4.12])
and (4.13)):

R 1
P = e 01/’km - m (), (4.14)
- 8 1
kX A8k A vk E\A
P = My o+ = WX Xk — o o(fF), (4.15)
PR = o€ X (4.16)
PE =k, (4.17)
. 4 4 .
2Pk3 = ﬁ opk - ﬁ OPkS; (4'18)

where ;(f*)*, i = 1,2 are the components of the load vectors m-dﬁ’)—?ﬁb with
respect to the base vectors ,Ay. According to M—@b, the components Pk
of the first Piola-Kirchhoff stress tensor are approximated by linear and quadratic
polynomials across the thickness:

PRMex Q) = PMMeY) + PR e ¢, (4.19)
PR(e*,¢) = (PR(e™) + (PR ¢+ PR (e™) ¢ (4.20)

This approximation is consistent with the stress state obtained from the classical
shell models and equivalent with the stresses obtained from the three-dimensional
equilibrium equations through a posteriori integration across the thickness of the
shell.

The shifted components P*¢ of the first Piola-Kirchhoff stress tensor can be derived
using relation . When the approximations for the shifter tensor and
its determinant are applied, the equality P* = P** is valid for the shifted stress
components.

4.2. Relationship with resultant-based shell equations. In this section, first-
order stress function vectors generating equilibrated stress resultants and stress cou-
ples used in classical shell theories are introduced and their relationships to the stress
function vectors ({.12)-(4.13) that generate equilibrated stress vectors are investi-
gated.

4.2.1. Equilibrated stress resultants and stress couples. The vectorial equilibrium equa-
tions for the first Piola-Kirchhoff stress resultants and stress couples can be derived
from the three-dimensional equilibrium equations (3.7)), rewritten in the form

1

= (Vo 1p™) o\ + (1p?),3 + °p pb = 0. (4.21)

%
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Introducing the infinite number of first Piola-Kirchhoff stress resultant vectors as

N = ¢pp'd¢, i=0,1,2,3,..., (4.22)
(d)

the ‘classical’ stress resultants and stress couples are obtained for i = 0 and i = 1:

NY(£%) == (N* = / pptde, (4.23)

M (%) = / ¢ up dC. (4.24)

Note that ;| N? = M? = 0

Integrating equation (4 with respect to the thickness coordinate ( and taking
into account the stress boundary conditions on the faces, the vectorial equilibrium
equation

MNat+p=0 (4.25)

is obtained for the first Piola-Kirchhoff stress resultants N, where the load vector p
is given by
PE) =B B+ [ CpubdC. (4.26)
(d)
Multiplying equation (4.21) by (, integrating it then with respect to ¢ and taking
into account the stress boundary conditions on the faces again, the vectorial moment
equilibrium equation is obtained:
1
VoA

where the moment load vector m is given by
d
m(E) =5 (WP - p) + /(d)C pubdc. (4.28)

Equilibrium equations (4.25) and (4.27) can identically be satisfied by introducing
three arbitrary but differentiable first-order stress function vectors, denoted by F(£<),
G(£%) and H(£*), according to

(VoAM™),, —N°* + m =0, (4.27)

1

N = MF / VoA pder, 4.29

2vo A Jer) (429

N3 = &G, (4.30)
1

M = M Awmde, 4.31

0E 7-‘75_‘_06 2\/()* (gx) 0 m é‘ ( )

Note that in the works [15] and [16], the stress function vector F is already used
to satisfy the membrane equilibrium equation , according to . However,
the stress function vectors G and H are not introduced and used, for satisfying the
bending equilibrium equation in the works mentioned, as the bending moments
were derived from the bending strains through constitutive equations.
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4.2.2. Relationships for the stress functions. The relationships between the first-order
stress function vectors 44 (£%), oX(£%), 19 (£%), introduced in Section and F (&%),
G(£*), H(£*) introduced above can be obtained as follows. Substituting (4.3)-(4.4)
into —, the relations between the stress vectors and the stress resultants
are obtained:

N* M
AN _
o = 4 1P =12 B (4.32)
. 3N* 1 _ . _ X 6 . N°
0P3 = 5 d 9 oP; 1P3 =P, 2P3 = 2 (op - 7) (4~33)
Inserting (4.32) in (4.3) and (4.33) in (4.4), the relations
N M
O
- 4122 ¢, 4.34
P 125 ¢ (4.34)
3 N? 4 1 6
3 _ 3N, 4y 2165 o 4.35
P 5 (1= 5C) =P (5 - 5¢) +.p¢ (4.35)

are obtained, which are partially known from the classical shell theories.
The relationships between the first-order stress function vectors F, G, H and ,,

oX, 1% are obtained by substituting (4.29)-(4.31) into (4.32)-(4.33) and comparing
the result with (4.5)-(4.6)) and (4.9)-(4.11):

¥ = (4.36)
H
=125, (4.37)
o€ (X —g g) At 1 p=0. (4.38)
On inserting the relations (4.36]) and (4.37)) in (]4.12[) it follows that
B Q=2 11200 (4.39)
and, thus,
Fe = [ w0, (4.40)
()
He) = [ w0 (1.41)
()

which indicate that F and H can be considered as two-dimensional stress function
resultants obtained from the three-dimensional stress function vector .

Equation is a partial differential equation for (X and G. For the special case
when the loads on the shell faces are zero, the relation
3G
d

X = (4.42)

2
holds for them.
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5. CONCLUDING REMARKS

The equilibrated stress space given in this paper for nonlinear deformation of shells
can serve as a starting point for the derivation of a stress-based nonlinear shell theory
and a dual-mixed, complementary energy-based finite element model for shells. The
variational background of this theory and the related finite element model is Fraeijs
de Veubeke’s variational principle for 3D elasticity problems [31]. The dimensional
reduction procedure for the present shell model relies on a priori assumptions re-
garding the variation of the stress space across the thickness, instead of the standard
Kirchhoff-Love or Reissner-Mindlin type kinematical assumptions on the deformed ge-
ometry of the shell. Since the transverse shear and the transverse normal stresses are
also present in the formulation, three-dimensional constitutive equations can directly
be applied. Beside this fact, the main advantage of the stress-based models and the
related dual-mixed finite elements for shells is their expected locking-free behavior,
i.e., their superior performance in those cases, when the classical, displacement-based
models and elements exhibit different types of numerical over-stiffening phenomenon.
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Abstract. The Széchenyi Chain Bridge is a 170-year-old historical structure located in the
downtown of Budapest. The superstructure of the bridge was reconstructed several times in
its history and currently the renewal process of the bridge is under consideration. Accord-
ing to the current plans main girders, chain elements and cross-girders will remain the old
structure and the deck system will be replaced by a new orthotropic steel deck. The Bu-
dapest University of Technology and Economics, Department of Structural Engineering was
involved in the design process and in the assessment of the remaining elements’ condition
within the last 5 years. During the project authors were faced with numerous specific impor-
tant and challenging structural problems, modelling specialties, advanced design methods
and research interest. The main part of these unusual characteristics come from the layout of
the historical structure, long time traffic and corrosion problems. One of the most important
questions during the structural analysis is the condition and rotational capacity of the pins
between the chain elements. The chain system is more than 100 years old and the rota-
tional capacity of the pins is questionable due to corrosion and friction. This phenomenon
significantly influences the static behaviour of the chain elements and the whole suspending
system. The current paper presents the numerical and on-site experimental program on the
investigation of the rotational capacity of the pins. A second important question was related
to the condition of current deck system. Significant corrosion damage was observed on the
steel stringers which might cause damage or local collapse of the bridge deck under pub-
lic transportation loads. Advanced numerical model using probabilistic analysis (FORM)
and measurement based corrosion models are applied to make a risk assessment of the deck
system’s capability to maintain and keep the current traffic on the bridge before the deck
will be replaced. Via this bridge inspection and investigation project the authors would like
to demonstrate the application of advanced numerical modelling based design techniques
and the industrial application of research models for lifetime assessment and risk analysis of
historical structures.

Keywords: Chain bridge, historical structure, probabilistic design, advanced numerical mod-
eling
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1. INTRODUCTION

The Széchenyi Chain Bridge (Figure is an almost 170-year-old historical structure of
Budapest, a major attraction of the downtown over the Danube River. Although the
bridge is a historical monument of Hungary and popular place for tourists, significant
daily roadway traffic crosses the bridge and it is also used by the Budapest public
transportation. The superstructure of the bridge was reconstructed several times in
the history, but the chain elements have reached their 100-year-lifetime and the deck
system is more than 70-year-old. The renewal process of the bridge is currently under
organization. Fomterv Co. and MSc Ltd. made the design of the reconstruction work.
The independent static check and the expert reports concerning the renewal process
and damage assessment of the remaining structural elements have been completed
by the Budapest University of Technology and Economics, Department of Structural
Engineering in cooperation with the designers.

Figure 1. The Széchenyi Chain Bridge [1]

The strategy of the currently planned reconstruction is that the old bridge deck
system (concrete slab and longitudinal steel stringers) will be replaced by a new or-
thotropic steel deck system (Figure . In longitudinal direction the deck system
replacement will be made step-by-step, minimizing the geometry change of the sus-
pension system during construction. The chain elements, the steel stiffening girder
and the cross-girder system will remain unchanged, only the corrosion protection is
planned to be renewed. Therefore, the evaluation of the structural condition of the
remaining elements is an important task of the renewal process to determine their
load carrying capacity and remaining lifetime.

The current paper introduces how an advanced numerical model can be used for
the evaluation of the load carrying capacity of a historical structure in combination
with on-site measurements and probabilistic design approach. The assessment of two
structural elements are presented: (i) corroded chain elements whose pins cannot
rotate due to friction and/or corrosion, (ii) old deck system with significant corrosion
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Figure 2. Planned cross-section after reconstruction

damage whose risk of failure is evaluated for a short time period till reconstruction is
started.

2. HISTORY OF THE SZECHENYI CHAIN BRIDGE

The original Széchenyi Chain Bridge was erected between 1839-49 and it was consid-
ered as one of the greatest engineering works of its age (Figure . With a maximum
middle span of 202.6 m this bridge was the largest chain bridge at that time; cur-
rently it is still the third one after the Herzilio Luz Bridge (339 m) in Brazil and
Clifton Bridge (214 m) in England. The design was carried out by the English en-
gineer William Tierney Clark while the construction was supervised by the Scottish
engineer Adam Clark. The bridge was opened for traffic in 1849 and operated until
1914. Because the bridge had no stiffening girder and it had a light-weight timber
deck system in this first time period, significant horizontal and vertical vibrations
were observed on the bridge deck, which made the redesign of the construction nec-
essary. The new bridge was built based on the static calculations of the Hungarian
professor Antal Kherndl according to the plans of Istvan Géllik and Jézsef Beke.

Figure 3. Planned cross-section after reconstruction

The new supporting structure consisted of 25 carbon steel chain bars between
each node whose length and bearing capacity was doubled compared to the previous
structure (the distance between the suspension bars and the pins increased from 1.8
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m to 3.6 m). With the new truss stiffening girder, the mass of the entire built-in
ironwork grown to 5200 t using carbon steel with tensile strength of 48-56 kN /cm?
(fits to the current S355 steel grade). During World War II.the bridge was demolished
(in 1945) and the structure was rebuilt in its original form without any significant
static changes. Two third of the chain elements were re-used, and the entire stiffening
girder and deck system were replaced by new structural elements. The bridge was
opened for traffic in its renewed form in 1949 . In the meantime, no reconstruction
work has been made on the system. Several investigations and measurements are
made on the bridge. A loading test is performed to check the actual forces in the
suspending bars; corrosion measurement were made on the chain elements in 2002;
these results help the current renewal process and design.

3. NUMERICAL MODELING AND DESIGN ASPECTS

The structural behavior of the bridge is studied using a numerical model developed in
the general finite element program Ansys . The new orthotropic deck system and
the old cross-girders are modeled using higher order (8-node) thin shell elements, while
the stiffening truss girder and the suspension system (hangers and chain elements)
are modeled by beam elements. The general layout of the global model is shown in
Figure [4} the global model consists of 193 950 finite elements with a total number
of 1 163 732 degrees of freedom. The erection phases of the bridge are simulated by
birth and death process. The ultimate load calculation and risk analysis of the two
analyzed structural members (chain elements and stringers of the deck system) are
made using local numerical sub-models following the bridge characteristics (corrosion
grade, lifetime, friction between pins and chain).

Figure 4. Global finite element model — combined shell and beam
element model
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In the numerical model the following structural specialties are considered:

— original erection phases having a significant impact on the internal force distri-
bution between the different structural members (stiffening truss girders work
only for traffic loads, self-weight is carried by the chain elements alone),

— second order effects (internal force distribution between the suspension system
and the deck system depends on the pretension force acting in the chains),

— rotational capacity of the pins between the chain elements (chain is subjected
to dominant tension force along the entire length even if pinned joints are
fixed, but significant bending moments can act at the location of the pylon
and at the abutment where chain system slope significantly changes), pins can
get stuck due to corrosion and/or friction resulting in bending moment in the
chain elements,

— corrosion of the chains, which reduces the net cross-section of the tension sys-
tem, leading to reduced tensile strength and introducing stress concentration,
resulting in reduced fatigue lifetime,

— corrosion of the longitudinal steel stringers and reinforcing bars of the concrete
slab, which might influence the load carrying capacity of the deck system,

— uncertainties in the corrosion grade of the bridge and changes in time increasing
the risk of damage under daily traffic.

On the global numerical model geometric nonlinear analysis (GNA) is carried out
in each analyzed load case combination to determine the second order internal forces
and stresses. These internal forces and direct loads are applied on the local sub-
models where the ultimate load of the analyzed structural details are determined by
geometric and material nonlinear analysis using imperfections (GMNIA) according
to EN 1993-1-5 |4]. The design resistance of the analyzed structural members is
determined by first order reliability method (FORM) using Monte-Carlo simulation
technique. This design approach can consider the uncertainties of the input data
based on statistical analysis and able to perform risk assessment of the damaged
structural items. Results of the FORM analysis are (i) the reliability index (8) and
(ii) reliability of the structure calculated by Ps = (1 — Py), where Py is the risk of
failure against the investigated failure mode and design lifetime. If the calculated risk
of failure is larger than the prescribed value (F), the structure does not fulfill the
design criteria of the applied standard. The reliability index (/) is in correlation with
the risk of the failure, the relationship is given in Table 1 according to the design
philosophy of Eurocode EN 1990 [5].

Table 1. Correlation between reliability index (/) and risk of failure
(Py), 1ol

Pp 1071110721073 |107* | 107° | 1076 | 107
B | 128|232 |3.09 |3.72|4.27 | 4.75 | 5.20

One of the most important uncertainties in case of the Széchenyi Chain Bridge
is the corrosion grade. In the international literature there are numerous determin-
istic and stochastic corrosion models available [6H8], which have been developed for
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different steel grades and environmental conditions. Authors considered corrosion
using a time-dependent statistical model taken from the international literature using
real measurement data as input parameters. In the current numerical model, the
corrosion model developed by Paik and Kim [7] in 2012 is applied, which was originally
developed for a marine environment and extended for steel bridges by Tohodi and
Sharifi [6] in 2016. In this corrosion model the damage grade is considered by the
Weibull-type density function given by equation :

R O -

where: d. is the corrosion depth, « is the shape factor, (3 is size factor, Y. =Y -Y.; Y
is the age of the bridge, Y, is the age of the corrosion protection. Further details and
the considered input parameters are given in [6]. This model can consider the change
in the effectiveness of corrosion protection within the lifetime of the structure. On
the other hand, it can also consider how the likelihood of the corrosion depth changes
over time depending on the corrosion grade. In the applied numerical model of the
chain elements, on-site measurement data from 2002 are implemented as initial input
data of the corrosion model. Corroded surface is fitted on a large number of corrosion
measurement data which is implemented in a solid finite element model.

4. ON-SITE MEASUREMENTS ON THE CHAIN ELEMENTS

To check the rotational capacity of the pins an on-site loading test is executed on
the bridge. The aim of the test was to determine the change in the normal force and
bending moment within the chain elements. From the measured bending moment,
conclusion could be made on the rotation ability of the pins (thus rotation reduces or
totally eliminates bending moment). Results of the numerical model show the typical
moment diagram of the suspension system (Figure [5p) if all pins become stuck (fixed
connections are assumed in the numerical model). Results prove a significant bending
moment can develop only within the chain elements at the two sides of the pylons
and at the abutments. Therefore, these are the places where stress changes were mea-
sured during the loading test using strain gauges. All the other joints behave quasi-
pinned, even if they are modeled by fixed joints. The bridge was loaded by 12 trucks

Figure 5. a) On-site loading test and b) calculated bending moment
diagram with fixed pins
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(Figure [5p) with an average weight of 200 kN, placed in 13 different loading arrange-
ments simulating partial and total loading situations. The following measurements
are executed within the loading test program:

— deflection measurements to check the global behavior of the system,

— strain measurements at 8 chain elements to determine the normal stress changes
(normal force and bending moments separately),

— influence line measurements on the chain to check the global structural behav-
ior due to moving loads,

— eigenfrequency measurements.

Deformation measurement results show the maximum measured deflection was
slightly smaller than the numerically calculated maximum displacement, which pre-
dicted certain sticking effect and confirmed that the chain system has larger stiffness
than predicted by the numerical model. Strain gauge measurements are also evalu-
ated. Normal force and bending moment changes are determined in each investigated
chain element, which are also compared to the numerical results. Results proved that
from the 8 analyzed pins only one pin could rotate under the applied load. All other
pins got stuck and could not rotate under the applied test load. One example for
the measured normal stresses is presented in Figure [f] The diagram shows the strain
measurement results while 3 trucks are moving on the bridge and take their planned
position. Strain gauges H3/1 — H3/6 are placed on the outermost fiber of the first
chain element next to the abutment and others are located on the second one, serving
as reference measurements (dominant tension force was expected on the second chain
elements). Results give evidence on the developed bending moment resulting from
the stuck pins. Numbering of the strain gauges followed the same strategy at each
measuring location. Strain gauges around the abutment are signed by H4 abutments
are investigated during the on-site measurements marked by H1 — H4 and 10 strain
gauges are placed on the chain elements at each measuring location, resulting in the
code of the strain gauges (e.g. H3/1, etc.).

trucks moving on the bridge evidence of bending moment
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Figure 6. Stress changes in one chain element due to loading by 3
trucks
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Strain measurement results show normal force level difference between the two sides
of the pylon. This can only happen if roller supports cannot move on the top of the
pylons, showing significant friction or sticking effect. This fact can also be seen on
the measured influence lines presented in Figure 7.
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Figure 7. Influence line of one chain element

Measurement shows there are no measured strains for the left side span of the
bridge, which can only happen if significant horizontal force is carried by the roller
supports. On-site measurement results gave essential information to the designers and
confirmed chain elements should be checked for bending and normal force interaction
(N-+M interaction).

5. RESISTANCE CALCULATION OF CORRODED AND STUCKED CHAIN ELEMENTS

It is well known that stuck pins change the structural behavior of the chain elements,
which could lead to damage if they are not designed or statically checked. One of the
most serious chain bridge failures occurred in the USA in 1967 and resulted in the
death of 46 people @ﬂ The Silver Bridge collapsed due to a single chain element failure
initiated from a fatigue crack, resulting in the total collapse of the chain system. The
reason for the failure was the sticking of the pins due to corrosion. Therefore, it is
a crucial point to check the resistance and risk of failure of the chain for combined
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Figure 8. Material properties of the chain elements based on coupon
tests
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normal force and bending moment (N+M interaction) considering corrosion and stuck
pins. The corrosion grade, old material properties and other design parameters have
large scatter, which can only be considered in probability based design approaches.
The main part (76%) of the chain elements was manufactured in 1915 with the
characteristic of the contemporary steel manufacturing techniques. Results of 702
coupon tests taken in 1912 were found by the authors in the literature. So, the
mean and characteristic values of the steel material could be determined by statistical
evaluation and probabilistic curve fitting, as shown in Figure

Advanced solid element based numerical model is developed for the analysis of
the chain elements. Contact elements are applied between the connected surfaces
considering friction and sticking effect. The developed numerical models have the
following capabilities:

— elasto-plastic material behaviour using damage criteria to model tensile frac-
ture of the material,

— friction and sticking between the pin and chain elements, - considering the
measured corrosion grade based on the measured surface properties and its
probability on the surface of the chain elements,

— ultimate load is determined using geometrical and material nonlinear analysis
using imperfections (GMNI analysis),

— coupling GMNI analysis (numerical simulations) with the probabilistic design

approach.
fé‘?

020{ f(x)
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thickness of the eyebar
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due to corrosion

Figure 9. Model of the corroded surface and its probabilistic distri-
bution

Considering corrosion of the chain elements, measured mean surface is implemented
into the numerical model and distribution function is determined and graded by the
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Kolmogorov-Szmirnov test. Beta distribution function was found to be accurate in
most cases to model the corrosion uncertainties, therefore this probabilistic function
was implemented in the numerical model. The mean corrosion surface and the applied
beta distribution function are presented in Figure [9]

Probabilistic analysis is carried out on the numerical model using the Monte-Carlo
simulation technique, generating pseudorandom values for the defined variable pa-
rameters using Latin hypercube sample selection. In each single case the ultimate
resistance is determined using GMNI analysis by evaluation of the obtained load-
displacement curve. During probabilistic analysis the following variables are consid-
ered:

— depth of the chain elements (using CoV =0.005),

— thickness of the chain elements (using CoV =0.05),

— yield strength of the steel (using CoV=0.03 - based on measurements),

— corrosion grade (using Beta distribution function - based on measurements).
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Figure 10. Results of the combined probabilistic design method with
the GMNI analyses

In the frame of the probabilistic analysis a total of 20 000 numerical analyses (us-
ing the surface fitting method) are executed within the Monte-Carlo simulation at a
confidence level of 95%. One example for the numerical GMNI analysis result is pre-
sented in Figure showing a load-displacement curve around the average resistance
level from all the simulation results. In each calculation, the characteristic resistances
are determined referring to different input values. Based on the obtained results the
average, the characteristic and design values of the resistance are determined by sta-
tistical evaluation, as shown in Figure [I0] Results of the probabilistic design showed
that the average value of the resistance is 158% of the actual internal force. The 5%
lower quantile value is equal to 148% representing the characteristic value. The 0.1%
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quantile value is equal by 138% representing the design resistance level. This value
is larger than the design value of the acting loads (135% of the nominal load level).
So the corroded chain element satisfies the design criteria for N+M interaction with
a maximum utilization ratio of 98%.

6. RISK ASSESSMENT OF THE DECK SYSTEM

Another structural component where corrosion grade can lead to damage of the struc-
ture is the bridge deck system. The aim of the investigation was to determine the
risk of failure of the deck considering on-site measurement data, real loading situation
with public transportation using a probabilistic design approach. Locations and the
extent of corrosion were taken into consideration in the numerical model based on on-
site measurements carried out in 2019. Two photographs of the corroded longitudinal
stringers are presented in Figure [T1] showing the worst case locations.

[

expansion joint lower flange of longitudinal stringer

Figure 11. Corroded structural details of the deck system

Based on the on-site corrosion measurements, the following average corrosion dam-
age grades (or corrosion waste, i.e., reduction of thickness) are taken into account in
the numerical model:

— upper and lower flanges of the outer longitudinal stringer: 50%,

— web of the outer longitudinal stringer: 30%,

— web, upper and lower flanges of the inner longitudinal stringer: 10%,

— upper and lower flanges of the outer longitudinal stringer near to the expansion
joint: 50%,
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— web of the outer longitudinal stringer near to the expansion joint: 80%,
— reinforcing bars at the bottom of the slab: 30%.

The given values are considered in the initial configuration for deterministic analysis,
while in the stochastic analysis these are considered as mean values of the corre-
sponding probability density function. Two standard cross-sections are analysed: i)
longitudinal stringers near to the expansion joint and ii) internal longitudinal stringers
in general location. Isometric and cross-sectional views of the sub-model are shown
in Figure

cross beam N truss stiffening stringer
2 girder hanger b)

Figure 12. Isometric view of the model a) with and b) without rein-
forced concrete slab, ¢) cross-sectional view

Our check of the reinforced concrete slab in ultimate limit state is partially based
on analytical calculations as height of the compression zone is pre-calculated in the
analyzed cases, assuming that tensile strength of the concrete can be ignored. Thus,
finite elements in the tensile zones having concrete material models are inactivated.
An automatic algorithm is developed to determine the extension of cracking in all
load cases and the numerical model is rebuilt considering crack locations and relevant
material properties. On-site measurements show the largest damage risk is at the
vicinity of expansion joints, where corrosion grade of the web reaches 80%, traffic
load results in maximum shear force and dynamic effect is also at its maximum due
to the expansion joint. At this location the failure mode obtained by the numerical
calculations is shear buckling of the web, as shown in Figure [[3] The numerical
simulation based resistance is interpreted and calculated according to EN 1993-1-5
recommendations.
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zone of plastic deformations
(von Mises stresses)
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Figure 13. Failure mechanism and von Mises stresses [MPa]

Based on the deterministic calculation the characteristic value of the load factor
is equal to o = 1.05 (considering design load case combination). Deterministic cal-
culations proved that the vicinity of the expansion joint has a high utilization ratio,
therefore risk of failure is also determined. Stochastic analysis is carried out focusing
on the worst case loading situation and corresponding failure mode (shear buckling
of stringer web). The density function of the calculated ultimate load factors based
on Monte-Carlo simulation is shown in Figure The load factors are determined
by GMNI analysis, which is combined with the probability approach.
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Figure 14. Density function of load factors based on Monte Carlo simulation

A relatively large coefficient of variation is obtained, which is a result of the corro-
sion model, with its high level of uncertainty associated with corrosion damage depth.
The mean value of calculated ultimate load factors, denoting the failure of the struc-
ture, is 1.40, while the standard deviation is 0.206 (maximum axle load of buses in
service on the bridge is 125 kN and considered dynamic amplification factor on the
deck system is 1.40). From the statistical evaluation the calculated reliability index
(B) is equal to 2.43, which corresponds to the failure probability of 0.007448 (1,/134).
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7. SUMMARY

The present paper has the aim to demonstrate the application of advanced numeri-
cal modelling techniques and probabilistic design approaches in the civil engineering
praxis. The Széchenyi Chain Bridge is one of the most important monuments and
national symbols of Hungary, and its renewal process is currently under organization.
The executed numerical calculations could help designers and decision makers in the
evaluation of the actual condition, remaining lifetime, risk of damage of the corroded
chain elements and deck system. In the applied numerical calculations a probabilistic
design approach is combined with geometrical and material nonlinear analysis using
imperfections. In the deterministic and stochastic analysis the results of the on-site
measurements are considered regarding the corrosion grade, rotational capacity of the
pins and material properties of the chain elements.

Acknowledgement. The authors would like to express special thanks to the Fémterv Zrt.
design office for providing information related to the historical bridge, and for their cooper-
ation concerning both the expert reports and the evaluation of the on-site measurements.
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Abstract. We develop a matrix form of the Nelder-Mead method and after discussing
the concept of convergence we prove a general convergence theorem. The new theorem is
demonstrated in low dimensional spaces.
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1. INTRODUCTION

We study the Nelder-Mead simplex method [1] for the solution of the unconstrained
minimization problem

f(@)—=>min (f:R"—>R),

where f is continuous. Since 1965, the Nelder-Mead algorithm and its later variants
have become highly popular in various application areas and derivative-free optimiza-
tion [2H6]. Although the original paper [1] has a lot of citations (over 31 000 in
Google Scholar on August 3, 2020), notably few theoretical results are known on the
convergence (see Kelley 7] and Lagarias at al. [8](9]).

In the paper we develop a matrix form of the Nelder-Mead method, discuss the
concept of convergence and its consequences, prove a general convergence theorem
under plausible assumptions and demonstrate the convergence of the algorithm for
low dimensional spaces. This approach partially answers some of the questions raised
by Wright |10] concerning the Nelder-Mead method.

Section [2 contains the description of the algorithm. The next section summarizes
the most important earlier results on the convergence. The matrix reformulation of
the Nelder-Mead method is given Section @] The concept of convergence and some
of its consequences are developed and discussed in Section The spectra of the
occurring matrices is investigated in Section [6] The general convergence theorem
is developed in Section [} Finally, the convergence of the Nelder-Mead method is
demonstrated for n = 1,2, 3 in the last section.

(©2020 MiskoLC UNIVERSITY PRESS
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2. THE NELDER-MEAD SIMPLEX METHOD

We use the following form of the original method [8]. The vertices of the initial
simplex are denoted by x1, x2, ..., xp+1 € R™. It is assumed that vertices x1,...,Tn41
are ordered such that

fa) < fwe) <0 < f (@nga) (2.1)

and this condition is maintained during the iterations of the Nelder-Mead algorithm.
Define z, = 1 """ | z; and 2 (A\) = (1 4+ A) z. — Az,41. The related evaluation points
are

z.=z(1), z.=x(2), xoczas(;>, xic:x(—;>.

Then one iteration step of the method is the following.

Operation Nelder-Mead simplex method

0. Ordering flr) < < fangr)

1. Reflect if f(x1) < f(zr) < f(xyn), then z, 41 ¢ z, and goto 0.
2. Expand if f(x,) < f(x1) and f(x.) < f (z),

then x,, 11 < z. and goto 0.
If f(xz.) > f (z,), then 2,41 < z, and goto 0.
3. Contract outside If f (x,) < f(x,) < f(zps1) and f(xoc) < f (),
then 11 < z, and goto 0.
4. Contract inside  If f (x,) > f (zpy1) and [ (25) < f (Tpa1)
then 11 < z;. and goto 0.

5. Shrink x; < (x; + 1) /2, f(x;) (for all i) and goto 0.

There are two rules that apply to reindexing after each iteration. If a nonshrink
step occurs, then z,1 is discarded and a new point v € {&,, e, Toc, Tic} is accepted.
The following cases are possible:

f)<f(z), fle)<f)<f(wn), f)<f(@n)-

If
.:{1, if f(v) < f(x1)
J maxo<i<pi1 {f (@e—1) < f(v) < f(x7)}, otherwise

then the new simplex vertices are

ahv =g, (1<i<j—1), 2" =v, 2P =z, (i=j+1,...,n+1). (2.2)

A 7 (g %

This rule inserts v into the ordering with the highest possible index. If shrinking
occurs, then

=z, xi=(r;i+z1)/2 (i=2,...,n+1)

plus a reordering takes place. By convention, if f(x}) < f(z}) (i = 2,...,n), then
xnew =

1 — 41

Lagarias at al. [9] also investigated a restricted version, where expansion steps are

not allowed.
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We adopt the following notations. The simplex of iteration k is denoted by S*) =

{xgk), xgk), o ,xfﬂl} with vertices that satisfy the condition

f (mﬁ’“) <f (wék)) <--<f (xffjl) (k>0).

The initial simplex is S(?). The reflection, expansion and contraction points of simplex

S®*) are denoted by mﬁk), xgk)7 x((,lz) and xz(-f), respectively. The function values at the

(k) (k) (k) (k) (k)) _ f(k)
J

vertices and the points z,’, xe ', Too and ng) are denoted by f (J:j

G =L, (9 = g (o), 1 = £ (o), 12 = 5 (a) ana 12 =
f (xi?), respectively.

3. A REVIEW OF THE EARLIER CONVERGENCE RESULTS

In 1998 McKinnon [11] constructed a function f, which is strictly convex and has
continuous first derivatives for certain parameters. He showed that for this f, the
Nelder-Mead simplex algorithm may fail to converge.

Lagarias et al. [§] proved several convergence properties of the simplex method for
one and two-variable strictly convex functions by giving a deep insight look of the
method. They summarize their main results as follows (see p. 114 of [g]):

1. In dimension 1, the Nelder-Mead method converges to a minimizer, and con-
vergence is eventually M -step linear.

2. In dimension 2, the function values at all simplex vertices in the standard
Nelder-Mead algorithm converge to the same value.

3. In dimension 2, the simplices in the standard Nelder-Mead algorithm have
diameters converging to zero.

In 1999 Kelley |7, 12] developed a sufficient decrease condition for the average of the
object function values (evaluated at the vertices) and proved that if this condition is
satisfied during the process, then any accumulation point of the simplices is a critical
point of f. For similar results on other variants of the Nelder-Mead algorithm, see
Tseng [13], Nazareth and Tseng [14], Pryce at all. [15].

For the restricted Nelder-Mead method, Lagarias at al. |9] significantly improved
the results of [§]. Let F denote the class of twice-continuously differentiable functions
R? — R with bounded level sets and everywhere positive definite Hessian. Lagarias
at al. proved that if the restricted Nelder-Mead algorithm is applied to a function
f € F, starting from any nondegenerate simplex, then the algorithm converges to the
unique minimizer of f.

Wright [10] raised several open questions concerning the Nelder-Mead method such
as

e Why is it sometimes so effective (compared to other direct search methods)
in obtaining a rapid improvement in f7
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e One failure mode is known (McKinnon [11]) — but are there other failure
modes?

e Why, despite its apparent simplicity, should the Nelder-Mead method be dif-
ficult to analyze mathematically?

Our purpose is to analyze and prove the convergence of the method using a matrix for-
malism. This technique will also shed light on these questions, even if only, partially.
The failure modes are the subject of paper [16].

4. THE NELDER-MEAD SIMPLEX METHOD IN MATRIX FORM

Assume that simplex S®*) = {wgk), xék), . ,xgc_zl] is such that

k k k
F() < (o) << (5).
If the incoming vertex v is of the form

_lta~ w (k)

z (o) = n ;:1 Zz; QT 11

1
’» 9

T(a) = [IS 12%} (e:[l,l,...,l]T).

for some o € {1,2,1,—11}, we can define the transformation matrix

—a
Since ST (o) = zgk), e (o) |, we have to reorder the matrix columns ac-
cording to the insertion rule (2.2)). Define the permutation matrix
Pj = [61, s €5—1,6p41,€5, .. 4, en] S R(n+1)><(n+1) (] = 1, o, n 1) .

Then ST (a) P; is the new simplex S*+1) - Particularly, we have the following
cases.

1. If the reflection point xgk) is the new incoming vertex, then

S+ — sy P (j=2,...,n).

2a) If the expansion point a:((gk) is the new incoming vertex, then

S+ — s (2) Py.

2b) If the expansion point is the reflection point ng), then

S+l — s (1) Py

3) If the outside contraction point 2% is the new incoming vertex, then

Gk+1) — gk)p <;> P, (j=1,...,n+1).

(k)

ic

4) If the inside contraction point x;.’ is the new incoming vertex, then
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5) In the case of shrinking, the new vertices before reordering are

- (x§k>+x§"‘)) /2 (i=1,2,....,n+1).

Hence [m’l, Xhy ... ,m’nH] = STy, where
1 1 1
0 i (2) 1 1
2 T
Ty = = T+ Zee.
h : _— 5 + 2616

1
0 - 0 1

Since the new vertices are subject to the ordering
f (xgm)) <. <f (x,g““) <...<f (a:;’“jll)),

the new simplex is defined by
S(k+1) = S(k)Tshrpv

where P € P,,+1, which is the set of all possible permutation matrices of order n + 1.
There are only n + 1 permutation matrices of the type P;, while there are (n + 1)!
possible permutation matrices of the type P41
Hence in any of the above cases the new simplex S**1) is given by

SO+ — gk, pk).

where Ty, is either T (o) (« € {—%, %, 1,2}) and P € {Py,...,Pyi1} or Ty = Topy
and P) ¢ Pr+1. The number of different T, P matrices is at most 3n+3+ (n+1)!
indicating an increasing complexity if n increases.

Observe that matrices T (&), Tspr, T (o) P and Ty, P, for any P € P41, have the

property that their column sums are 1. We exploit the following simple results.

Claim 1. (i) If A € R™*" is a matriz whose column sums are 1, then A has an
eigenvalue X\ = 1 and a corresponding left eigenvector x = e*. (ii) If A, B € R™*"
are two matrices whose column sums are 1, then C' = AB also has this property. (iii)
If A € R™™™ 4s a matriz whose column sums are 1, then ||A|| > 1 in any induced
matrix norm.

Proof. By definition e’ A = [} | a;1,...,> 1, ain] = 1-€T. This implies e’ B = €7,
e’ AB = eTB =e®. Since p(A) > 1 and ||A]| > p(4), (iii) also follows.

Particularly, [T ()|, = [T (a) P}, = [1 + a| + |af and || Tsnr|ly = [[Ton-Plly = 1.

A matrix A is called left stochastic if a;; > 0 for all ¢,j and the column sums are
1. A matrix is called stochastic if a;; > 0 for all ¢,j and both the column sums and
the row sums are 1.

Matrix T () is left stochastic for —1 < « < 0. The shrinking transformation
matrix Typ, = %In+1 + %eleT is a left stochastic matrix, Tskm = Q%Inﬂ + QZzleleT

k T
and T, — ere”.




120 A. Galantai
For any o, 8, T(a)T (8) = T(—af). Hence T (a)”' = T (L) (a # 0) and
T (o) = T((—l)k+lak). If [o] < 1, then limy_o 7' (a)* = T'(0). Matrix 7 (1)

is an involution (T (1)® = I,41). If T (1) is multiplied by a permutation matrix P,
this property may change. For n = 2, T (1) P, (reflection) is a 6-involutory matrix (for
k-involutory matrices, see Trench [17]). T (a)* is unbounded if [a| > 1 and uniformly
bounded if |a| < 1.

5. THE CONCEPT OF CONVERGENCE AND CONSEQUENCES

Simplex S*) is given by

Sk = g0 B, (5.1)
where
k .
By = HTiP(” (5.2)
=1
and L1
T,P% e {T(a)Pk fa € {2,2,1,2}, k=1,...,n+ 1} (5.3)
or )
T;,PY € {Ty,P:P € Ppii}. (5.4)

Note that each T;P() is nonsingular and e?T;P() = T
A simplex S is nondegenerate if the matrix

M =21 — Znt1,22 — Tog1, .- Tn — Trti)

is nonsingular. Then S must be affinely independent, which is equivalent to (see, e.g.,

(18], |19]) that vectors
1 1
o L[]

T
g }) =n+ 1 Assume that the initial

simplex S(® is nondegenerate. Since e’ By, = e and
el el
[0 ]=[ g0 |2

is nonsingular, S*) is also nondegenerate.

are linearly independent. Hence rank({ €

For the convergence of the Nelder-Mead algorithm, it is natural to require that the
(k)

simplex vertices x; (j = 1,2,...,n 4+ 1) should converge to the same vector Z as
k — oco. In such a case
lim S® =[z,... 7] = ze’. (5.5)
k—o0

Claim 2. If {By} is bounded, then {S(k)} converge to some S if and only if { By}
converge to some B.

11t is assumed through the whole paper that the sizes of e and the unit vectors e; are compatible
with the operation and/or partition.
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Proof. If S*) — §°° (whatever S is) and By — B, then S(VB; — SO B = 5.
Assume that S®) — S and {Bj} has no limit point. Since {Bj} is bounded
it must have at least one accumulation point, say B* and there is a subsequence
{B;,} c {Bx} such that B;, — B* and i) — §O)B* = §  Assume that there
exists a second accumulation point B** # B* and a subsequence {Bkj} C {By} such
that By, — B**. It follows that

o7 o7 . el . o7
{S(m]—)[g(m}B:{g(m]B “[Sw)}
T

Since 5(0) is nonsingular, we obtain that B* = B**, which is a contradiction. It

follows that { By} converges. O

Hence it is enough to study the convergence of { By}, or more precisely the conver-
gence of the right infinite matrix product

(oo}
B=][T.P". (5.6)

i=1
Let A be an n x n matrix. The 1-eigenspace of the matrix A is
EA) ={z:zA=12x}.

Lemma 3. Assume that B, — B and T,P®) occurs infinitely often in the product
H;’;l T;PY), then every row of B is in E (TSP(S)),

Proof. Since TyP®) occurs infinitely often in the product Hfil T,P% there is a
subsequence of {Bi].} with rightmost factor TP, say

B;, T,P\® B, T,P® ...,

where the B; ’s are products of T,P®’s. Since B;; — B, so does B;; T,P) . Thus
B;, T,P"® — BT,P"®) = B. 0

In fact the rows of B, if not zero vectors, are the left eigenvectors of T P(*) belonging
to A = 1. If several T, P(*) occur infinitely often in the product [[;2, 7; P, then the
rows of B belong to NE (TSP(S)), where the intersection is over all matrices T, P(®)
that occur infinitely often in [[r, 7P,

Each of the matrices T;P(Y) has at least one left eigenvector (eT) belonging to
A = 1. Hence e’ € NE (T,P®). If NE (T,P®)) = {Ae” : A € R}, then B has the
form we” for some w € R™*!. However it is not always the case.

Example 4. Let n = 2, {dx};-, be a strictly monotone decreasing sequence, dj, >
51 > 8y for all k, and define f* = 65, £ =61, £ = dpyr, fY = deyr and
f_(k) — dyys. Then xngrl) _ xgk); xngrl) _ xék)7 xgk+1) _ 332(_5), f (xngrl)) — 5,

K2
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f (xgkﬂ)) =6, and f (a:gkﬂ)) = dj+y2. Hence a repeated inside contraction occurs,

1\1* 1 0
pe=[r(-2)] a0
0 0

Here zgk) — mgo), xék) — xéo), xgk) -1 (:cf)) ergo)), and the simplex diameters do

# we” .

O N0l

2
not converge to 0. Note that B is not a rank one matriz.

Assume now that By — B = wel. Then S®) = SOB, — SOyl = @eT,
diam (S*) = max; ; HS(]“) (e; — ej)H and

diam (S(k)) < max HS(O)H | Bi. (e; — ;)] — 0. (5.7)

/L)J
Since B (e; —e;) =0, By (e; — ej) = (By — B) (e; — ¢;), we have the speed estimate
diam (5 < V25|

Note again that in Example [4] where B is of rank 2, the simplex diameters do not
converge to 0.

|1Bx — B (5-8)

If By converges to a rank one matrix wel, then all simplex vertices xl(k) (i =
1,...,n+ 1) converge to the same limit z = S(®w implying that fi(k) = f (S(O)w)
(i=1,...,n+1) and diam(S®*)) — 0. In such a case the results of Lagarias et al.
[8] mentioned as 2. and 3. in Section [3] are direct consequences.

The next example indicates that the boundedness assumption on {Bg} is also
needed.

Example 5. Let n = 2, {dk}zozl be a strictly monotone decreasing sequence, and
define

AV =dsn, £V =do, £ =dis
and

1
1(k) =dsp > fIF) = 9 (dsk + dagr) > dayr = fF).

This guarantees the selection of xék) as the incoming vertex for each iteration. The
sequences {f (xgk)) }, {f (xgk))} and {f (xék))} are strictly monotone decreasing,

while By, = [T (2) P,]* is unbounded. For di — d, the function values are converging
to d, while there is no convergence for the simplex vertices. A similar example can be
given for L(nk) if it is selected as an expansion point.

For a given S(® and £, the sequence S*) (B},) is uniquely defined. In fact, S*+1)
is determined by S®*) and the relative value distribution of f at the vertices of S®*)
and trial points m&k), xgk), :E(()IZ) and ng) Hence we study the convergence of the
matrix product By and the convergence of the simplex vertices as a consequence.
The selection of the initial simplex S(®) may also influence the convergence of the
Nelder-Mead algorithm but it is difficult to consider it within this approach (for

experimental observations on the initial simplex S(®), see [20], [21]).
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6. EIGENVALUES OF THE TRANSFORMATION MATRICES

The eigenvalues of the matrices T;P(Y) play a key role in the convergence of the
infinite matrix product []:, T;P%. For P®) = I, we have the following simple
result.

Lemma 6. (i) Matriz T (o) has the eigenvalues \; =1 (i =1,...,n) and Apy1 = —«
and the diagonal Jordan form

In 7%6 In 0 In %6
T(O‘)_[o 1 Ho —aHo 1 }
(i) The eigenvalues of Tspy are Ay = 1 and A\; = % fori =2...,n+1. The
corresponding eigenvectors are x1 = ey, x; = —ej + e;. Furthermore Tsp, has a
diagonal Jordan normal form
Tonr = XAX ™, (6.1)

where A =diag(\;) = 3 (Int1 +erel) and X = L1 + ey (el —eT).
Lemma 7. The matriz T () P, (1 < k < n) has k — 1 eigenvalues A = 1. The
remaining n — k + 2 eigenvalues are the zeros of the polynomial

n+l—k
Poa—k (A) =A"27F—e N N ta, (6.2)
=1

where ¢ = HTO‘ If k =1, then poy1 (A) has at least one eigenvalue A\ = 1. If a =1,
Prt1 (A) has at least two eigenvalues A = 1. If & = 2, pp41 (X) has an eigenvalue in
the interval (1,2). For k > 2, there are exactly k — 1 eigenvalues A =1. If2 <k <n
and a < 0, pp_k+t2 (A) has all roots in the open unit disk.

Proof. For 1 < k <n,
I 4 ceerf

T P, =
(Oé) k 0 An+2—k )
where
c 1 0 --- 0
c 0
An+27k = : ) .
c 0 --- 0 1
—a 0 --- 0

Since Aok is a companion matrix (for this form, see, e.g. [|22]), its characteristic
polynomial is
n+l—k
Pora kN =A"F ¢ N N pa (1<k<n)

i=1
and the characteristic polynomial of T («) Py, is

det (T () Py — Mng1) = (1 = N pago_r (V).
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Note that ppio—k (1) = B2 (a+1). If k = 1, ppy1 (1) = 0, that is Ay = 1 (the
column sums of T (« )P1 are 11). Since pl, ; (A\) = 5% (n —|— 1), there is a second
zero Ao = 1 if @ = 1 (expansion by reflection). For a =2, p,1(1) <0 and
pni1(2) =271 (1-2) 424+ 2 > 0 (n > 2). Hence p,41 () has a zero in the
interval (1,2) fora=2andn>2. If k > 2, ppy2-x (1) #0. T a <0and 2 < k < mn,
the roots of p, 12— (A) are inside the unit disk since for |A| > 1,

n+l1—k 1
n+2—k
[Prta—k (W) = [A"T -¢ Z /\z \nr2—k
n+1—k 1 1
> [\ <1 —c 7~ e nk>
T
>A"2RFA—(n+1-k)e—|nc—1])

(
>R (k= 1)e> 0.
O

For e > 0, there is no estimate on the location of the roots of p, 12— relative to
the open unit disk. However the Schur-Cohn test may help to decide if the roots of
Dnt2—k (A) are in the open unit disk.

For the eigenvalues of Ty, P (P € P,11), we cite the following result
Theorem 8. (Languille and Meyer (25, 24)). If the spectrum of the stochastic matrix
P is {1, \a,..., A3}, then the spectrum of

W=aP+(1-a)e”
is {1,a)2,a)s,...,a\,}, where vT is a probability vectmﬂ
Corollary 9. Since the eigenvalues of W and W7 coincide, we have the same result
for the transposed matrix
WT =aPT + (1 - a)ve®
as well.

Corollary 10. The spectrum of Tsp-P = %P + %eleT 18 {1 Ao, ;)\3, e 2 n+1}
Since the eigenvalues of a permutation matriz are on the unit czrcle Al =1, we have

’2)\|—2f07"z—2 Ln+ 1.

7. GENERAL CONVERGENCE RESULTS FOR THE NELDER-MEAD METHOD
For every T (a) Py, the spectral radius is bigger than or equal to 1. Since el €
E (EP(i)) for all T;P(Y) occurring here, we first block triangularize them by a com-

mon similarity transformation (for left infinite matrix products, see Theorem 6.10 of
Hartfiel [25]). We show that for

o 1 —€T -1 _ 1 @T
r=lo 7] o=l ] (1)

2Vector v is such that v; >1and efv=1.
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and for all possible T; P(%),

(7.2)

F*lTiP(i)F: [ 1 o7 }7

b; C;
where b; € R" and C; € R™" depends on T;P*).
Lemma 11. For every T (o) Py (« € { 32 1,2} P, e{P,...,Pyi1}), the matric
F~'T (@) PyF has the form (7.9).

Proof. For k > 1 we can write

T
T (a) Py = { (1) et ] (W e R™™)

and so

0 W

Since eTWep_ 1 =(n—1)c—a=1—¢c, W =[1,...,1—¢,1,...,1], we obtain the
form

Pror@pr =y T

F7'T (o) P,F = { é 12/ } .

For k = 1, we can write

T(a) P = [2 %@] (W e R™™)

with z =[¢, ..., ¢, —a]T. Hence

-1 [ etelz —ce +ef —eTzeT+e w
F T(a)PlF_[ . T W .

Since eTW = [0,1,...,1],eTz2=1—c, c+elz =1,

—cel +el —eTzel + "W = —ce” +ef —(1—c)el +eW =0.
The final result is
—1 |1 0
F~'T(a) A F = { P

1

Remark 12. Fork>1,b=0, and for k=1, ||b||, = ((Ha) +a )

Lemma 13. For every Ty, P (P € Pny1), the matriz F~ Ty, PF has the form

.

Proof. Note that Typ, P = 2P + Leie” and P = [e;,,...,€;,,,]. If iy =1, then

1 LT
= 2
TonrP { 0 Wi ]
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%eT and

where Wj is an n X n permutation matrix multiplied by % Hence eTW; =
1 —1eT+eTWy ] B { 1 0 ]

—1 o

If ¢4 > 1 and Ty, Pe; = e1, then

1 1T | 1T
5 5" +5e:_4
TSh'I”P: 1 2 2 W2 J )
5€i1—1 2
— T _ 1 ¢ ; T _1(,T _ T :
where Wae; 1 = 0, e Wae; = 5 (i # j — 1) and e’ Wy = 3 (e —¢€j 1). Since
T _
et ej—1 =1,
1, 1.7 1.7 1,7 T, T
1 _ | 3t 3¢ €1 €54 —ze €€ fe Wy
F TS}-”‘PF = 1 1 T
5€; —5€,—1e + W
2Ci—1 2Ci—1 2

1 0
3€i-1 —5ei e’ + Wy
]

Remark 14. Ifiy =1, then the first column entries are 0 except for entry (1,1). If
i1 > 2, then entry (i1,1) is %, while the remaining entries are 0 (€ # 1,41 ). Hence
b, < % The entries of submatriz C' are only 0, % and —%. In column j, there can
be at most two nonzero elements. Theorem [§ and Corollaries [9 and [I0 imply that

p(C)=1. Note that |C||, < 1.
We also need the following simple results.

Assume that for i > 1,

A; = { bl g } € RFDX(HD) (0 € RMXM) (7.3)
It is easy to see that
1 0

L= [T PR
— P = k . .
' i or 111G

Lemma 15. Assume that HH?Zl CjH < Cry Y opey Ck s convergent (< o) and ||by | <
~ for all k. Then Ly converges and

Y <H§';11 Cj) bi I1-,C;

lim Ly = [ L 8 ] (7.5)

k—o00 X

for some T.

Proof. If 3777, ¢y is convergent, then ¢; — 0. Hence H§=1 C; — 0 as k — oco. Since

S = Zle ¢; is convergent, for any € > 0 there is a number kg = kg (&) such that for
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m >k > ko, |sm — sk| <e. Thus for m > k > kg, we obtain

m i—1 m
lzm — el < > | TICH| Nbell <7 D2 cima < e
i=k+1 ||5=1 i=k—+1
Hence x;, — 7 for some . O

Remark 16. If [|C)]| < ¢ <1 forj > 1, then HH?Zl C;|| < ¢* and the series Y o, ¢*

18 convergent.

Remark 17. For the matrices C; of (7.9), either p(C;) <1 or p(C;) > 1. Since in
any induced matriz norm ||C;|| > p (C;), we cannot expect convergence improvement
from the latter matrices, unless their effect is compensated.

Assume now that for some indices j, 1 < ||C;|| < @, while for other indices i,
ICi|l < ¢ < 1. Denote by t; (k) the number of those C;’s that satisfies ||C;|| < ¢ < 1
(1 <4 < k), and denote by t2 (k) those C;’s that satisfiy 1 < ||C;]| < Q (1 <i < k).
Clearly, 0 < t; (k) < k and ¢ (k) +t2 (k) = k. Then

k
H ol < g F gtk
j=1

Assume that x € N is such that - < Q < #. Then HHf:l Cj‘

qn—l =

S qtl(k)fﬁtz(k‘) .

If ¢ (k) := t1 (k) — kt2 (k) is a monotone increasing sequence converging to infinity,
then H§=1 C; — 0 as k — oo. Note that ¢ (k) < k. The root test of infinite series
guarantees that if for some kg > 0,

e(k

qT)§T<1 (k > ko),

then > 2, ¢#" is convergent. This condition is certainly satisfied if # > i, where
0 < p < 1is a fixed number. Observe that in such a case k > t; (k) > uk + rto (k)
and t2 (k) < 4k If Q = 1, then k= 1.

We can also give an estimate for the speed of convergence. For Hle c; = 0,

we have the estimate HH;C:I CjH < ¢*F) < ¢**. For the speed of the convergence

S (H;:ll C’j) b; — ¥, we have the estimate

0o i—1 oo ) 0o ] ’yq”k
17—zl = D (LG | bi|| <vd_a" <v ) o < 77—
i=k+1 \j=1 i=k i=k q

We have just proved the following

Corollary 18. Assume that ||Cy|| < Q and ||bg|| < v for all k. Denote by t1 (k) the
number of those C;’s that satisfies |Ci]| < ¢ <1 (1 < i < k), and denote by t; (k)
those C;’s that satisfies 1 < ||Cs|| < Q (1 < i < k). Define k € N by the inequality
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q,},l < Q< q%. If for some kg € N and p € (0,1), t1 (k) > pk + kta (k) holds
(k > ko), then Ly converges and

thkZ[; 8}=Z (7.6)

k—o0
for some X. For the speed of the convergence we have the estimate
HLk _ EH < Tgh*, (7.7)
where I' > 0 is a suitable constant depending on p and .

Remark 19. Ifts (k) =0 for k > 1, then t; (k) = k and p = 1. If there are only
a finite number of cases, when 1 < ||C;|| < Q holds, we can omit it in the sense that
if after iteration, say ko, only ||C;|| < q¢ < 1 occurs, then to (k) < ko, t1 (k) > k — ko
and we can set =1 in the above Corollary[1§

Given n, we have a finite set of matrices T;P(), say, 7 that may occur in the
infinite product (5.6) if the Nelder-Mead method is applied to some function f. For
each T;P(Y), we have the representation

@ _ | 10T ]
TPO=F|, L [P (7.8)

Hence By, = Hle T;P) = FL,F~! and By, is convergent if and only if

k

1 of

Le=][ [ - }
i=1

is convergent. For some of the C;’s, p (C;) < ¢ < 1, while for the others p (C;) > 1.

Define the sets

1 1
W1 = {T <2) Pj,T <2> Pj j = 1,2} U {Tshrp :Pe Pn+1}
and

WQZ{T(2)P1,T(1)PJ]:17,TL}

1 1
A () e (L) pri=sn st}

If T; P() € W, the matrix has a second eigenvalue |\o| > 1, and for the corresponding
C;, p(C;) > 1 holds. Although Lemmadoes not guarantee that for matrices 7, P(*) €
{T (3) P;,T (—%) P; : j = 1,2}, the second largest eigenvalue [Az] < 1 or p(C;) < 1,
a thorough computer check shows that it is the case, at least up to n = 20. However
|A2]’s are approaching 1 as n increases. Hence we assume the following:

(A) If T,PYD € Wy, then p(C;) < 1, and if T;P% € Wy, then p(C;) > 1.
(B) There is a matriz norm ||A||,, (induced by a vector norm |z, ) such that if
T,P% € Wy, then ||Cy]|,, < 1.
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Since the sets W; and Ws are finite, there are numbers 0 < ¢ < 1 < @ such that for
T,P% e Wy, ICill, < q <1, and for T,P) e Wy, 1< ICill,, £ Q. Also we can
assume that for every T; P) € Wy UWs, ||bill,, < 7-

Theorem 20. Assume (A) and (B) are satisfied and the initial simplex S is non-
degenerate. Let t1 (k) be the number of Nelder-Mead steps (operations T;P®)) that
belong to Wy, and to (k) be the number of those steps (operations T;P() that belong
to Wh during the first k iterations of the Nelder-Mead method. Also assume that k € N
is such that q,},l <@ < % If for some ko € N and p € (0,1), t1 (k) > pk + rto (k)
holds (k > kg), then the Nelder-Mead algorithm converges in the sense that for all
(k)

simplex vertices ;" —Z (j =1,...,n+1) holds as k — oo with a convergence speed

J
proportional to ¢**. If f is continuous at T, then f (a:ék)> =f@ G=1,...,n4+1)

holds as well.

Proof. Under the assumptions

k
1 of 1 0 ~
Lk_l_{[bi Cz:|_>|:% 0:|_L

1=

with the speed
o], <ot
w

Hence e
BkaF[; g}F_lz{l_;x}eT:EeT:B (7.9)
with the speed
| By — BJ|,, < Tcond (F) ¢"*. (7.10)
([l

Corollary 21. dz’am(S(k)) — 0 (k — 00) with a speed of O (q/‘k).
For higher dimension, we can expect slower convergence, since g approaches 1.

8. THE CONVERGENCE OF THE NELDER-MEAD METHOD IN LOW DIMENSIONS

Here we demonstrate the use of Theorem for n = 1,2,3. The cases show an
increasing technical complexity and also the growth of max {p (Cy) : T,P% ¢ Wl}.

8.1. The Nelder-Mead method in one dimension. For n =1,

e {r()r (1)1

W2 :{T(]‘)P27T(2)P27T(1)P1}

and

Lemma [11] implies

k
F'B.F = H 10
“ b |
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Note that for TP € Wy, |¢;| = & = ¢, and for T,P) € Wy, |¢;] > 1 and 1 < || <
2 = Q. Here the norm ||-[|,, = |-|. Hence Theorem [20| implies the convergence with
k=1.

8.2. The Nelder-Mead method in two dimensions. For n = 2, the six permu-
tation matrices of set P3 are

Py =[eg,e1,ea], Pa=le1,e3,e3], Ps=[e1,ez,e3],
Py = ez, eq,e3], Ps=lez,e3,e1], Ps=les ez e1].
Define
1 1 . .
W, = {T<2> P; T(Q) P; :]I,Q}U{TS;WP]- :j=1,...,6}
and

Wy ={T (1) P,,T(2) P,,T (1) P,} U {T (;) P3, T <;) Pg} .

The similarity transformation

(8.1)

F7'TPF = [ 1 o" ]

b C

on the elements of W, U W, yields matrices C; for which p (C;) < 1, while ||C; ]|, > 1.

Since all such C;’s have diagonal Jordan forms, it would be an ideal situation if
for some norm ||-||,,, every ||C;||,, would be close to p (C;). Such thing is possible, if
the matrices C; are simultaneously similar to diagonal matrices (see, e.g. [26H28]).
However, this requires that all matrices C; must be pairwise commuting, which is
not the case here. Instead of this we look for a 2 x 2 matrix S such that ||Cy||, =
HS‘lCZ-SH2 (induced by the vector norm ||z||,, = HS‘leQ) is as close to p(95;) as
possible. So we try to solve the optimization problem

. 1 1
mgnmaX{HS_lCiSHz : TP € {T <2> P;, T <—2> Pjij= 1,2}} . (82
For the matrix

_4
S = [ (2) s } (cond (S) ~ 1.6404),
5

we have the following numerical results.
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Case | Operation Ci [p(G) [lCily [S7rCis],
1 FITMPRF [C |1 1.6180 | 1.3765
2a | F'TQ)PF [ C, [1.6861 | 3.1787 | 2.7043
2 |[FITHRAF [Cs |1 1.6180 | 1.3765
3a | F T (3)PF | Cy |0.8431[0.9056 | 0.8438
3b |[F'T(3)PRF | Cs [0.7071 [ 1.2892 | 0.8438
3c |[F'T(3)PF [ Cs |1 1.2892 [ 1.0
da | F'T(—3) PiF [ C; |0.7071 | 0.9056 | 0.8438
4 | F T (—5) P,F [ Cs |0.8431 | 1.0399 | 0.8438
dc |[FIT(—35)PF [ Cy |1 1.0399 | 1.0
Sa | F Ty P F Cu | 3 0.8090 | 0.6882
5b | F Ty P F Cu |5 0.5 0.6882
5c | F Ty, PsF Ci2 | 3 0.5 0.5
5d | F Ty Py F Ciz| 3 0.8090 [ 0.5
5¢ | F Ty PsF Cu | 5 0.8090 | 0.6882
5f | F Ty PsF Cis | 5 0.8090 | 0.6882

Here we can select the values ¢ = 0.85 (¢ = p (C4),p(Cs)), @ = 2.71 and kK = 7. Note
that for ;P € Wy, ||Cil|,, < ¢ < 1, and for TP € Wy, 1 < ||Ci|,, < Q-

Hence Theorem [20] implies convergence with k = 7.

The applied optimization technique is somewhat similar to the joint approx-
imate diagonalization method (see, e.g., [29]).

8.3. The Nelder-Mead method in three dimensions. For n = 3, WW; has 28
elements, while W, has 8. It can be checked that for T;P) € Wy, p(C;) < 0.9275
and ||C;]l, < 1.2622. A numerical solution of the optimization problem gives
the following matrix

—0.6012  1.5707  0.3968
S = 1.4938 —0.0616 0.4419 |,
—0.6500 —0.7949 0.7620

for which [|C; |, = [|S7'C;S||, < 0.9293 (T;P%) € Wy) and ||Ci|,, < 2.7729 (T; P €
Wh). Selecting ¢ = 0.93 and @ = 2.78, we have k = 15, and Theorem [20| holds for
n = 3, as well.

If we exclude the expansion steps, then we can set Q = 1.3725, resulting in kK = 5
and a faster convergence.
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Abstract. This work deals with normal contact problems. After a wide literature re-
view, we look for the possibility of achieving a high-precision solution using the principle of
minimum potential energy and the Hellinger-Reissner variational principle with penalty and
augmented Lagrangian techniques. By positioning of the border of the contact elements,
the whole surfaces of the eligible elements fall in contact or in gap regions. This reduces
the error of the singularity in the border of the contact domain. Computations with h-, p-
and rp-versions are performed. For the rp-version, the pre-fixed number of finite elements
are moved so that small elements are placed in one or two element layers at the ends of the
contact zone. A number of diagrams and tables showing the convergence of the solution
(by increasing the number of polynomial degrees p) demonstrate the high efficiency of the
proposed solution procedure.

Mathematical Subject Classification: 74505, 74M15
Keywords: contact problems, p-version of finite elements

1. INTRODUCTION

The rapid progress in the computer sciences and information technology, the in-
crease of computational speed, and improvements in graphic user-interface software
provide new opportunities for modeling physical phenomena with a high degree of
reliability and usefulness. It is now possible to perform very large number of arith-
metic operations in a short time, making it possible for designers and analysts to
employ advanced modeling concepts within the context of an everyday engineering
decision-making process.

The solution of contact problems is difficult because the actual contact zone is
unknown a priori and must be determined by an iterative procedure which seeks to
satisfy not only equilibrium equations and boundary conditions but also one or more
inequality contact conditions. Another source of difficulty is that the stress changes
very substantially over short distances at the boundaries of the contact zone. An
important design objective is to determine the shape of the contacting parts in such
a way that the stress singularity will not occur, or the strain energy associated with

(©2020 MiskoLC UNIVERSITY PRESS
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the singularity is within acceptable limits. Therefore the development of efficient
and reliable procedures for the numerical treatment of contact is an important and
challenging problem.

A number of methods have been published in the field of the mechanical contacts
since the appearance of the Hertzian contact theory. Applying the electronic com-
puters, better and better numerical processes were worked out from the late sixties.
The paper [1] (Fridman and Chernina, 1967) was an important contribution to the
numerical treatment of contact. Their iteration method was based on the search for
the minimum of the complementary energy by ensuring positive contact pressure.
Its further development could take into regard the relative rigid body displacements
of the contacting bodies [2] (Péczelt, 1974). Mathematical programming methods
were used to solve the minimum problem in [3](Conry and Seireg, 1971), [4] (Kalker
and von Randen, 1972), [5](Fremond, 1973), [6](Frankavilla and Zienkiewicz, 1975),
[7)(Haug et al., 1977), [8](Paczelt and Herpai, 1977), [9)(Pédczelt, 1979), [10] (Hung
and De Saxce, 1980). These methods were applied later as well, see [11](Klarbring,
1985) and [12](Bjérkman,1991) for instance.

The generality of the finite element method (FEM) has been utilized efficiently in
the solution of contact problems [13](Chan and Tuba, 1971), [14] (Fredrikson, 1976),
[15] (Pdczelt, 1976), [16] (Huges et al., 1976), |[17] (Bathe and Chaudhary, 1985), [18]
(Nour-Omid and Wriggers, 1986), [19] (Chaudhary and Bathe, 1986), [20] (Egert and
Altenbach, 1989), [21] (Mottershead et al., 1992), [22] (Papadopoulos and Taylor,
1992).

A Lagrangian multiplier technique was proposed in [15] (Péczelt, 1976) and [16]
(Huges et al., 1976), and a penalty method was used first in [23] (Kikuchi et al.,
1984). Contact conditions, such as contact and separation, are satisfied accurately
for the contacting nodal point pairs in the Lagrangian multiplier method by implying
the unknown contact pressure field as a multiplier. The fulfillment of the contact
conditions in the solution of the penalty method strongly depends on the value of the
penalty parameter. The combination of the two methods was applied in [24](Simo
et al., 1985) for small displacement problems, and in [25] (Ju and Taylor, 1988), [20]
(Simo and Laursen, 1992), [27] (Laursen and Simo, 1993) for large displacement cases.
The mathematical backgrounds of these methods can be found in [28] (Berteskas,
1989), |29] (Fletcher, 1989).

A good review of static mechanical contact problems is given in [30] (Zhong and
Mackerle, 1992).

The error of a finite element solution depends on the element size (h), and on
polynomial degree (p) of the approximation.

The majority of the finite element applications use the h-version of the FEM. The
solution accuracy is improved adaptively in [31] (Nackenhorst, 1995) by the help of
the ZZ error estimator, its further development is given by [32] (Wriggers, 1997).
Relatively few papers have dealt with the application of the p-version method [33]
(Szabé and Babuska, 1991) for mechanical contact problems [34] (Lee and Oden,
1993), [35] (Gabbert and Graefl-Winberg, 1994), |36] (Buczkowski et al., 1994), [37]
(Paczelt and Szabd, 1995), [38] (Péczelt and Baksa, 2009), [39] (Franke et al., 2010),
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[40] (Konyukhov and Schweizerhof, 2009), [41] (Franke et al., 2011). A quasi-static
problem was solved by finite elements with p = 2 applying mesh refinement in the
contact region [34] (Lee and Oden, 1993).

A special pNh type element was used in |35] (Gabbert and Graeff-Winberg, 1994),
[36] (Buczkowski et.al., 1994). There is piece-wise linear approximation on the con-
tacting face of the element, and p-approximation is applied on the other sides. This
sort of approximation provides non smooth stresses inside the element, which is a
drawback concerning the efficiency of this element.

The shape optimization of the contacting surfaces was used in [37] (Péczelt and
Szabd, 1995) by controlling the contact pressure. The high-quality approximation
properties of the p-version make it possible to detect the presence of singularity, even
weak singularity, by numerical means. This is possible theoretically but not feasible in
practice with the h-version. The application of the augmented Lagrangian technique
was investigated in [42] (Pdczelt et al., 1999) concerning the solution accuracy. The
contact conditions of the p-version elements are checked in the Gauss or Lobatto
integration points. As a result of adaptive remeshing the whole sides of the elements
are either in the contacting region or in the gap region. This preferable mesh performs
no oscillation in the normal stresses along the possible contact region

There are a number of papers dealing with contact problems by the use of vari-
ational principles, e.g. [43] (Duvat and Lions, 1972), |44] (Hlavacek et.al., 1980),
[45] (Panagiotopoulos, 1985), [46] (Oden and Kikuchi, 1988), [47] (Telega, 1987), [48]
(Haslinger and Neittaanmaki, 1988).

Efficient algorithms have been proposed (Nour-Omid and Wriggers, 1986), [49)
(Kalker, 1990), and [50] (Raos et al., 1988) in order to solve the system of inequal-
ities established at frictional and frictionless contact problems. A broad range of
application possibility of the mathematical programming techniques was analyzed by
Klarbring [51]. A review for those papers devoted to the optimization of structures
in unilateral mechanical contact is presented in [52] (Hilding et al., 1999).

The p-version was employed for locating the boundaries of the contact domain and
the boundaries of the sliding-adhesive domain through the detection of the associated
singularity. Two different procedures were used. In one case the standard polynomial
basis functions were augmented by special basis functions which can approximate
singularity [53] (Volpert, 1995), [54] (Volpert et.al., 1997). In the other case the
boundaries of the elements were moved, using a special algorithm and a number of
error indicators, in such a way that each element in the contact domain would either
be in contact, separate, stick or slip along its full length [42] (Paczelt et.al., 1999),
[55] (Paczelt and Szabd, 2002). The positioning technique was extended in Baksa et
al. [56] for 3D contact problems including friction, where slip, stick zones have been
separated. The borders of adhesion and slip zones and also of the outer border of the
whole contact domain were approximated by NURBS. In this way the oscillation of the
contact pressure and the oscillation of the shear stresses were practically eliminated,
resulting in a very accurate solution of the problem.
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In the past decades there have been some valuable books by Laursen 2002 [57],
Wriggers 2006 [58], Konyukhov and Schweizerhof 2013 [59], Yastrebov 2013 [60], which
describe the numerical treatment of contact problems. In these works not only small
displacements and deformations but also large displacements and large deformations
are taken into consideration for numerical analysis, both in normal and frictional
contact examples.

High order finite elements are used for many different types of problems [61], [62].
The research in tribology, analytical solution of contact problems are examined by
the book of Goryacheva [63], and we found a technique to analyze the wear process
by p-extension finite elements [64].

In the book [65] many aspects of optimization of contact interaction of rigid, elastic,
elastic-plastic bodies are investigated.

There have been some conferences e.g. CMM, Eccomas, HOFEIM, ITUTAM, where
not only the theoretical questions but also practical problems were analyzed [66-69].
Among the p-extension finite element computer systems, there is a simulation program
called StressCheck developped by ESRD group leaded by Professor B. Szabé [70].

The aim of this investigation is to compare the results of non-frictional contact
problems treated by traditional h-, p- and with adaptive hp(rp)-extension finite ele-
ments, and to show the computational algorithm for highly accurate hp(rp)-extension.

Using the notations introduced by papers [39], |[41], we made some rp-extension
computations as well. Here we use the principle of minimum of total potential energy
and the mixed Hellinger-Reissner theory, which is based on approximating both the
displacements and the stress fields [38]. In this paper a comparison is made to show the
advantages of using the Hellinger-Reissner functional. The main question is whether
we can get better results with the same number of unknowns of the displacement
fields. However, the execution time is much longer because of the eliminating the
stress field variables from the evolving stiffness matrix.

In case of the p- and hp- (rp)-versions, we use the augmented Lagrangian method for
the solution of contact problems. It is assumed that displacements and deformations
are small, and can be neglected as regard the adhesion, friction and dynamic effects
between the contacting bodies.

This paper is organized as follows. In Section 2 the formulation of the contact
problem is presented. In Section 3 two variational methods, minimum of potential
energy and Hellinger-Reissner variational principle, are discussed with penalty and
augmented Lagrangian form. In Section 4 finite element approximation and the sys-
tem of algebraic inequalities are given, solving by Kalker-type iteration. Section 5 is
dealing with the positioning technique of nodal contact points. Using this technique
each eligible contact element along its whole side is either in contact or in the gap
regions. Section 6 solves the same boundary value problem of contacting cylindrical
bodies with different methods and techniques. These contact problems are solved
by h-version, p-version and rp-version techniques. Stress states, distribution of the
contact stresses, convergence of the contact radius, resultant of contact force, relative
error in energy norm [33] and in contact force are demonstrated in figures. Results of
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the principle of minimum potential energy and the Helliger-Reissner variational prin-
ciple can be compared in order to choose the better one. In Section 7 Hertz probem
with friction will be solved. Finally concluding remarks are provided in Section 8.

2. FORMULATION OF THE CONTACT PROBLEM

Let us consider the contact problem of two elastic bodies (e = 1,2). The surfaces
of the bodies will be separated into three regions: Sff) denotes that part of the
body where displacements u, are given, in St(e) the traction ¢, is applied, while Sge)
represents that part of the bodies where contact is expected. The Sée) part of the
body is called the proposed zone of the contact. The bodies are loaded with the body
force b(e), and initial stress Tge) and initial strain Age) too. We are interested in
finding the displacement vector field u, strain A and stress T' tensor fields. In the
domain V(¢) we have the equilibrium equation

T .V 4+ b =0 reve, (2.1)
the strain displacement relationship
A© = % (u<@> oV +Vo u<€>) rev®, (2.2)
and the Hooke’s constitutive law
T =T DO .. ( A _ Ag)) reve, (2.3)
where D'® is a fourth order tensor of the material parameters, “-“, ¢ .. ¢ “o“ are

the symbols of a scalar, double scalar and tensor product, respectively, and V is the
Hamiltonian differential operator.

The boundary conditions are
ul® = u, re s, (2.4)
and
T . n© = ¢, re s (2.5)
For the examination of the contact/separation conditions in the proposed zone of

contact we shall consider the projection of the displacement in a prescribed direction
only (e.g., normal to the surface n.). The contact normal vector n. determines the

points @1, @2 on the corresponding surfaces S’gl) and SéQ) , where the two surfaces
may contact with each other (see Fig. . Therefore the contact surface will be denoted
by S..

We denote the displacement projected in the direction n. by ugf) = u(® .n,, the
normal stress by 07(16) =n(® . T . n© and the initial gap between bodies by h. We
define the distance (gap) after deformation

d=d(u)=u? —uP +h>0, (2.6)
and the contact pressure

pn=-—nW.TW.n, =n@. 7. >~ _p0O.70.0 = _n@.7@.0% >0 (27)
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Body B,

Figure 1. Normal displacements qu), e=1,2

Denoting the contact zone by C and the separation (gap) zone by G (S. = CUG),
we have

d=0, pn >0 reC,
d >0, pn =10 reqG,
ppd =0 r S, (2.10)
From the condition of frictionless contact we have zero tangential stress
7@ = el . T . pl) =g re S, (2.11)

where e is a tangential unit vector.

3. VARIATIONAL FORMULATIONS OF THE CONTACT PROBLEM

In this section two variation principles will be discussed in parallel.

3.1. Principles based on the total potential energy and Hellinger-Reissner
functional. For investigation of normal contact problem we can use the principle
of minimum potential energy II (u) subjected to two types of kinematic conditions:
u=u,onreS,andd>0on7r € S..

If we use the Hellinger-Reissner functional we have only kinematical constraints for
contact conditions: d > 0 on r € S,

Thus

min{Il(v)| u=u, r€S,, d>0, rebS} (3.1)

and

min {Ilg (v, T)| d>0, re€S.}, (3.2)

which must be solved satisfying the variational inequality 611 > 0 or §,IIr > 0 and
orIlg = 0. The detailed mathematical discussion of this variational inequality and
other variational principles can be found in Haslinger and Neittaanmaki [48], Oden
and Kikuchi [46] and in Telega [47].
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Here the total potential energy

H(u):i 1 [(A(u)—A,) - D--(Au)—A,)dV+ [ A(u)--T,dV —
e=1 | y(e) v (e)

- [u-bdV - [u-t,dS.

Ve 56
(3.3)
and the Hellinger-Reissner functional
2
O (u,T)= >} [ [T -(A(u)—A,)—iT--C--T]dV +
e=1 | y(e)
+ [T--C-To,dV—- [u-bdV—- [u-t,dS.— [n-T (u—u,)dS
%O) Ve 56 5@
(3.4)

Here C = D™, and ()™' denote the inverse of a tensor. In practice, instead of
problem (3.1))and (3.2)), functionals (3.3) and (3.4) are extended with penalty functions
of the non-penetration contact constraint as

LPE = PP () =TI (u) + % / Cn (4 (u))*dS (3.5)
Se
and
PE PE 1 - 2
LR =Lyr" (u,T)=1g (U,T)+§/Cn (d~ (w))”dS, (3.6)

Se

where ¢, is the penalty parameter, and d~ denotes the negative part of d. From the
variational equation 6,£FF = 0 and 6uE£E =0 we obtain a formula for the contact
pressure p,.

Dn = —cpd” (u). (3.7)
The higher the penalty parameter c,, the smaller the violation of the non-penetration
condition lim d~(uw) = 0, i.e., the non-penetration condition d > 0 is not strictly

. Cp—>00
satisfied.

The correct choice of the penalty parameter is essential, because the condition
number of the coefficient matrix increases as the penalty parameter increases. Using
p-version finite elements [33], |42], ¢,, ~ 100E — 1000F is recommended, where E is
the Young’s modulus.

Combining the Lagrangian and the penalty methods as it was proposed by Simo
and Laursen in [26] (Simo and Laursen, 1992), the following augmented Lagrangian
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functionals are obtained

LAV — AV () =TT (w) — [ ppd (w)dS + = [ e (d(w))? dS, (3.8)
[ratwscs]
and
L = 4 () = Ta 1) - [pad(wds+ 3 [ (@@)as,  (9)
C C

where p,, is the Lagrangian multiplier, which is kept constant during an iteration loop.
From the following two variational equations

6, LAY =0 or §,L8Y =0 (3.10)
the same formula is obtained for the normal contact stresses
ol (u') =@ (u?) = — (P — cad (u)) , (3.11)
and
oD (TV) = 0@ (T?) = = (pu — cud (w). (3.12)
During the iteration process, the contact pressure is updated using the formula
b0 = (0 (u)) 519
where the operation < - > is defined by
1

(k)

In the (k + 1)th iteration loop the contact surface is subjected by pn’ as an external

load in the variational formula:

8. LY (ughyry) = 01 (ughpn)) / od (u ““) — cnd (u(k+1))> ds=0 (3.15)
C(k)
and

Su LR (wirrr) Tihrny (wasn))) =

SullR (Wit 1) Tt (U(es1))) /5d (k) — end (wrpn) )) ds=0
ck)
because of the next variational equation (5T£1A3U = 0 we are able to to gain the relation
for T (1) = Ten) (wiein)) , L

() (e) e e e (e) e
T, (wihy) =T + DO (49 (ufp) ) - AL) (3.16)
in the approximation process.

REMARK 1: If the second terms of the functionals and are vanished,
we obtain two previous functionals of the penalty methods with d(u) = d~(u) < 0
substitutions.
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e REMARK 2: If the last terms of the functionals are omitted the
funtionals of the Lagrangian multiplier techniques are received back. In these
cases L4 = LEA (u,p, > 0), LEA = LA (w,T,p, > 0) for each functional
variational equation or two equations and only one variational inequality are
written:

S L¥A =0, 5, LFA <0 or §,LE =0,  orLkr =0, -5, LE >0.
(3.17)
In order to satisfy the contact conditions, positivity of the contact pressure
must be ensured.

4. FINITE ELEMENT FORMULATION

4.1. Approximated fields. The displacements of the contacting bodies are approx-
imated in the usual form

ul® = ul (x) = N© (x) q®, (4.1)

where the shape functions N(¢) (x) consist of nodal point modes, side modes and inter-
nal modes, and q° is the vector of displacement parameters, x is the space coordinates
[33]. The strain vector is given by the next formula:

A (4) = e = £l (x) = gul® = B (x) q'¥, (4.2)

where B¢ (x) is the strain-displacement matrix. The stress vector can be expressed
as

T© 5 0 — ¢ (x) = ¢© (x) + DO (x) (B<e> (x) g — e® (x)) . (43)

for the minimum principle of total potential energy, where D(¢) (x) is the constitutive

matrix, s((f)(x), a'ge) (x) are the initial strain and stress vectors, respectively. Using

(4.1)-(4.3) the total potential energy (3.3) can be written in discretized form:

1) (u) — 11 (q<e>) _ %q@f <K<e>q<e> _ 2f<e)) ’ (4.4)
where
K© / BOTDEBO Y (4.5)
V(e

is the element stiffness matrix, and
£©) = / N ThEqy + / N©Tt, 48 + / BT (D<e>e§f> - agﬁ) dv  (4.6)
Ve 56 Ve
is the element load vector, T' denotes the transpose of a matrix.
In the case of Hellinger-Reissner variational principle the stress is approximated by

the next formula
T - o) = F©) (x) B, (4.7)
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where F(®) (x) is an approximation matrix which consists of the same functions
that are used for N(®) (x).

The vector n(® - T(¢) is approximated in the next form
n .75 RE (x) g (4.8)
The discretized form of Hellinger-Reissner functional (3.4) has the next form:
H(e) T H(e) (e) (e) _
R (’LL, ) — R q aﬁ

_ BT g @) % BOT {O) 3O _ (@ Tq(e) 4 T o) (4.9

where
H) = /FT CFdv, s = /FT B dV — /RT N d&, (4.10a)
Ve Ve 5
t(¢) = / N7 bdV + / NTt,dsS, (4.10D)
Ve 56
gl = / R u, dS - / F' (e, - Co,)dV. (4.10¢)
5 %O)
(&) (&)
From variational equation 6THS§) =0— 5[31_[%) =0=687T gg(“;) — % =0
the stress parameter’s vector is
5© — (ﬁ(e))’l S©)q® + (ﬁ(@)’l g© (4.11)
and the reduced discretized form of H;f) can be written as follows
e e 1
H%) (u) — H%) (q(e)) = iq(e)’T (K(e)q(e) — 2f(e)) , (4.12)
where the element stiffness matrix
K(©)= g7 (ﬁ@)_l s, (4.13)
and the load vector )
T — (T _g(e)T (ﬁ(e))’ gle) (4.14)
The gap after deformation is computed by the following projection
d=u? —uM +h=-LOYx)qY +L®(x)q® + h = L(x)q + h, (4.15)

where the matrix of shape functions L(¢)(x) is constructed by the use of N(®) (x) with
x € S, and the definition of the normal displacement ugf). The vector of displacement

parameters for the whole system is given as q7 = [q(l)’T q(2)7T] .
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The same penalty terms in (3.8} [3.9) can be written in discretized form

LT
%gcn (d ()2 dS = éqT{ﬂ L }Cn[ L0 LO® ] dSq+
L. cun o -cn
+2fccn [ L@.T } h dS} teonst=3a" | ma gm | At (4.16)
_f(l) ~
_|_qT f(g) + const = %qTCq + qTfh+CO7”LSt7
h

where C is the contact stiffness matrix.

From the same Lagrangian terms in (3.8} [3.9)) the load vector f; associated to the
contact pressure is

T _LMW.T . _fzgl) .
/d (u)p, dS —q / L@ T |Pn dS =q @ =q'f,. (4.17)
P
c

4.2. Discretized functionals. Finally, the discretized funtionals of £4Y and EéU
expressed with nodal displacements are written in the same form as

1 1 o~
LAV = A (q) = {Qq(e)’TK(e)q(e) - q(e)’Tf(e)} +5a"Catq” (fu—1,).

(4.18)
The algebraic system of equation associated with (4.18) has the following form

(k)
{ q

K! + 611 _612 }
(2)
q (k+1)

_Q2t K2 4+ C22

f(l)_,_fgll),(k) _ fz()l),(k) o)
f(2)_f§7’2)’(k) + fIEQ),(k) ) .

in which the matrix C* is modified to fulfill the contact /separation conditions.

The iterational KALKER procedure [49], [37] with the control of the sign of p,
can be applied for solving (4.19)). The contact conditions are checked in the Gauss or
Lobatto integration points of the contact elements during the solution of (4.19). With
the updated contact pressure p%kﬂ) the integrals (]ﬁb and M can be computed
repeatedly, that is we have a new penalty (contact) matrix C and new vectors fj,
and f,. The (k + 1)th displacements are obtained from the solution of . The
procedure is terminated when the following condition is fulfilled:

f ‘pslkﬂ) _pslk)‘ ds
Se

<1074 (4.20)

Remarks:

1. Since d(u) is computed in the local coordinate system, the elements which have
boundaries on the contact surface, must be transformed from global coordinate
system to the local one. The transformation is performed by least squares
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fitting. A detailed explanation of this problem and the numerical reasoning of
the transformation can be found in [42].

2. When the p-version is used then accuracy is typically high enough for singu-
larities to induce oscillations in the numerical solutions. The oscillations are
minimized when nodes are located at the boundary of the contact zone. The
idea of the nodal positioning technique was first published in [42].

3. The system of inequalities according to Lagrangian technique is a Linear Com-
plementary Problem, which can be solved by different algorithms as given in
e.g. |11], [21] and [49].

4. In the work [18] a two-level algorithm is employed for solution of the contact
problem using Lagrangian multipliers.

5. POSITIONING THE NODAL POINTS

One of the advantages of the p-version is that for smooth problems only coarse
meshes are needed, since the error in energy norm decreases exponentially when the
polynomial degree of elements is increased [33] (Szab6 and Babuska, 1991). At the
border of the contact zone we have a singularity in the stress state. When the ends of
contact zone C' are not situated in nodal points (in 2D case) then the derivatives of
the shape functions cannot have the appropriate jumps there, that is, the singularities
induce oscillations in the pressure distribution. By positioning (moving) the nodal
points to the ends of contact zone C, the jump in the derivatives can be represented
in the discretized problem.

The positioning algorithm had been developed for contact problems of a two-
dimensional problem [42] (Péczelt et.al., 1999). The positioning of the nodal points
is performed in one or two phases, depending on the predefined tolerance. The first
phase is a rough positioning of contact point to ensure that contact exists in each
integration point of the contacting elements. In the second phase the border points
are moved based on error indicators in order to increase the accuracy.

5.1. The rough positioning technique. We supposed that the contact zone of
two axsymmetric bodies is situated on the left side of the possible contact region. Let
r;,7; and i, denote the radial coordinates of the nodal points of the contact element
in the original mesh (see Figure [3). We search for the contact (that is p, > 0) from
the right-hand direction. The contact elements are integrated in N Gauss or Lobatto
points. The star and triangular markers denote, respectively, the N*" integration
point and the first contacting integration point from the right side, which is denoted
by IC. The gap zone is denoted by a single line, the parallel double lines denote
the compressed Winkler spring contact zone. The (¥) denotes the modified radial
coordinate. The natural coordinate of the contact element is denoted by &.
Checking the contact conditions in integration points is started from the right-hand
side. The first contact point r;¢ is detected in the positive range of the standard
coordinate. The location of the new nodal point is found by linear mapping (Step 3).
The algorithm has the following steps:

Step 1. The contact problem is solved with the given mesh.
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Figure 2. a) nodal points 4 and 19 are moved to 4’ and 19’, elements
1—3 and 9 — 11 are in contact, and between elements 4 and 12 there
is no contact; b) modified (3 x 3) mesh ¢) modified (4 x 4) mesh.

Step 2. Search to find the end points of contact region. We seek the first contacting
integration point located in r;o, where the contact pressure p,, is positive.

Step 3 The position of the new end point is calculated by linear mapping based on
the position 7y of the new N** integration point:

5 [2ry — 7 (1 = &n)]

= , 5.1

(T o1
where 7 is computed by the use of the bisection method:
~ 3 (rrc + ) if  &c=>0

= . = 5.2

™ { 1 (r1e +10) if  &c<0 (5:2)

The iteration Steps 1-3 are repeated unless each integration point of the contacting
elements is in contact. As a result of this iteration process we have a new mesh, which
will be called “the first correct mesh”.
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Figure 3. Schematic representation of the right hand side of the con-
tact zone C. Calculation of the new position of the point j.

5.2. The fine positioning technique. After finding the first “correct mesh” we
can further adjust the border of the contact zone C. The following indicators are
introduced to monitor the fine adjustment of the nodal points:

e contact pressure at the contact border point (zero value is sought)
I = min|c, - d(r;)| (5.3)

where r; is the coordinate of the computed contact border point,
e minimum of the potential energy

.[2 = mian (54)

e minimum of the differences between contact pressure and normal stresses

I3 = min U { (a,(}) +pn>2 + (a,(? +pn)2} dS} v (5.5)

e minimum of shear stress on S,
0.5

I, = min U { (nﬁ;))z + (Tg))z} dS] , (5.6)

where the upper and lower bodies are denoted by superscripts 1 and 2, respec-
tively.

In order to minimize the indicators the nodal point is positioned at the vicinity of
the border of contact zone determined by the rough positioning technique. That is,
the nodal point is moved either to the direction of the N** integration point of the
contacting element, or to the direction of the 1% integration point of the gap element.
The minimum of the indicator is searched within the interval determined by these
two integration points.

5.3. Position technique assuming friction. The solution of the frictional contact
problem is demonstrated in the middle of Figure [] The end of the contact region
is situated between elements 4. and 8.. The border of the stick-slip zones is between

elements 2, and 6.. In the point P, the normal stress o, is continuous but the
@)*

derivatives on the right and left sides are not equal (%)7 #* ( =
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Figure 4. Modification of the mesh at friction contact problem

Since the approximated function is continuous along element edge and the deriva-
tives are also continuous up to order p — 1 the discrepancy between the derivatives
is not represented, which induces oscillations in the results. Therefore new posi-
tions for the nodal points 4 and 9 shoul be found. A similar situation takes place
for shear stresses in the point Ps;_g, which also requires mesh modifications. That
is, nodal points 3 and 8 must be moved to left direction. After these positioning
steps the elements 2., 3¢,4. and 6, 7, 8. have new shapes 2¢ new; 3e,news 4e,new and
Be news Te,new, Senews s shown in Figure E}

Steps of the algorithm developed for friction contact problems are published in [56].
The shear stresses in the contact zone must satisfy the condition given for the slip
surface ® = |7,.,| — pupn < 0, which is performed with a predictor-corrector iterative
algorithm. In the course of the time integration process the predicted value of the
shear stress which is proportional to ¢, Au, must be calculated, where displacement in
tangential direction is given as: Au, = u!*2* —ul at time ¢, with time step At. The
number of integration points along an element side is denoted by Nlobatto. For the
example let us suppose that on the left side of the element there is a stick zone, i.e.,
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for integration Lobatto points (ilobatto=1,..., istick) the condition of slip surface
is satisfied: ®P7°d(ilobatto) < 0. However, for the rest of the integration points
the condition of the slip surface is not satisfied: ®P7¢4(ilobatto) > 0, (ilobatto =
istick+1,..., Nlobatto). A return mapping algorithm is applied to satisfy the slip
surface condition. This means that the right node point of the element must be moved
to the left direction. At the end of iteration in each integration point of element 2¢ e
there is stick: (ilobatto= 1,..., Nlobatto), i.e., the whole element side is in stick state.

6. EXAMPLES

Let us consider two contacting cylindrical bodies with equal dimensions (inner
diameter D; = 2r; = 40mm and outer diameter D, = 2r, = 240mm and height
heyt = 100 mm, see Fig.[5| The meridian curve of the contacting surface of the upper
body is given by the following function

h = 0.0004(r — 20)? (6.1)

which is practically the function of the initial gap between the contacting bodies.
There is no friction between the contacting bodies. The displacement is prescribed

Az

Figure 5. Two cylinders in contact. Initial gap h = 0.0004(r — 20)?

on the top of the upper body in vertical direction wy = 0.15mm. Elastic material
properties are given by Young’s modulus F = 200000 MPa and Poisson’s ratio v =
0.3. The boundary of the contact zone for body Bj is defined by the blending function
method [33].

The contact problem was solved by h-version, p-version and hp (rp)-version tech-
niques using the error indicator I; for finding the radial coordinate of the contact
border 7.
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The contact problems are solved as detailed below. The positioning technique
introduced the previous section is used in all of the examples. The contact conditions
are checked in the Gauss integration points. The penalty parameter is chosen as
¢, = 1000E. The analyzed tasks are identified by the type of the applied mesh
(number of elements in columns X rows).

Firstly, the problem is discretized with classical quadratic (low polynomial order)
elements, i.e. h-version finite element method is used.

6.1. Task 1. For solving the contact problem the Hellinger-Reissner variational prin-
ciple is applied using penalty technique. For the sake of convenience, instead of using
the name Hellinger-Reissner variational hereafter. The polynomial order p = 2 is
fixed, and the problem is solved by different meshes 4 x 4, 8 x 8, 16 x 16 and 32 x 32.

Figure[6h shows the final status of the mesh 8 x 8, the mesh also contains parametric
lines crossing on the Gauss integration points. The distribution of the normal stress
o, for body Bj is given in Figure Bp. Figure[6k shows the results obtained for meshes
8 x 8, 16 x 16 and 32 x 32. Due to mesh refinement, the contact pressure p,, becomes
smooth together with normal stress o, but in the separation domain r > r, defined
by the p,, significant normal stresses are present, though in principle it should be
zero. For mesh 8 x 8, the absolute value of the ¢, is higher than 10 MPa, while for
the mesh 32 x 32 it does not fall below 7 MPa. These stress peaks occur at the end of
the contact domain in oscillating form. Such oscillations can be experienced for each
subsequent solution, only its extent will vary significantly. The smallest oscillation
amplitude is obtained by the rp-version technique. It can also be observed that the
differences in the contact stresses between the upper and lower bodies are very small.

Convergence diagrams of strain energy and contact border radius r, calculated for
polynomial degree p = 2 and p = 3 are shown in Figure The change in strain
energy is well converged (see Figure ) but the convergence of contact border radius
is a bit slower. In these figures, we refer to converged results with Mesh 7 x 5 Type:
Imesh = 3, which have been achieved with far fewer unknowns. The number of
unknowns is 12674 for mesh 32 x 32 with p = 2, and it is 4474 for mesh 7 x 5
(Type: Imesh = 3 with p = 8). It is well known [33] that the speed of convergence
for h-version is twice as slow as for p-version, however, the rate of convergence is
exponential for hp(rp)-version computations.

6.2. Task 2. Here, we investigate the contact solution as a function of polynomial
degree p. Our aim is to determine the position of the contact border as accurate as
possible, i.e. the convergence of the solutions is examined.

The border points of the contact zone are determined by the nodal positioning
technique detailed in Section 5 using error indicator 1.

Augmented Lagrangian method is applied for solving these contact problems.

In this case computations are performed by p-extension finite elements. Here, the
meshes of the contacting bodies are fixed, but the polynomial order p is increased
from 2 to 8. The solution can be obtained with the positioning technique introduced
in the previous section. We use rectangular elements with truncated space [33)].
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Figure 6. Task 1: solution with h-version, polynomial order for the
displacements and stresses is p = 2; a) mesh 8 x 8; b) normal stress
o, in the punch (upper body); c) distributions of normal stress o,
contact pressure p, and differences between the normal stresses of
the upper (%) and lower (o) bodies for different meshes

The Reissner functional is applied and the same degree of polynomials are used for
the approxination of the displacements and stresses: i.e. npu = nps = p. The fixed
mesh contains 7 columns and 5 rows (mesh 7 x5). Figure [8h—g illustrate the results
with polynomial order p = 8 for the different stress components.

Figure[Jshows different components of the results: the normal stress o, the contact
pressures p,,, the difference between the normal stresses ¢% and ¢ (computed on the
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Nmm; b) for contact border radius r, in mm
200
190
180
170
160 F— e e
T
£,150 _
©
" 140 S -100
130 H ° a0 200
120
ERRRLNIRRE o
110 W EE 0 '
10 PR g - 120
%0 40 60 80 100 120 120" 100 z[mm]
a) r [mm] b)  fmm]

Figure 8. Solution of contact problem (Task 2 for body Bj) with
uniform mesh 7 x 5, Imesh= 0: a) Final mesh after positioning,
rp = 66.6168 mm; b) vertical normal stresses

upper and the lower bodies) with polynomial order p = 8, and the distribution of ¥
as a function of r > r, with different polynomial orders (p =2, p =6 and p = 8).

Oscillations can also be observed here, but it much smoother than in Task 1, where
only h-extension elements were used (compare to Figure. @1) In the zone of gap (a
certain distance from the border of the contact zone) the boundary condition ¢ =0
is satisfied better with p-extension elements than with h-extension ones (compare
Figure @ to Figure @
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Figure 9. Solution of the contact problem with mesh type Imesh = 0,
computed by using different polynomial orders: p = 2(u2s2), 6(u6s6)
and 8(u8s8)

6.3. Task 3. Choosing the appropriate finite element mesh is an essential step to
achieve high accuracy. In the mesh type Imesh = 0 there are equivalent elements. In
the case of Imesh= 1 the initial Imesh = 0 is modified, i.e. near the border of the
contact zone smaller elements are generated because the border point is a singular
stress point.

The mesh (7 x 5) is applied with narrow elements on the right and left sides of the
contact border point, i.e. single element layers are used on both sides of the border
point in horizontal direction. The radial coordinate of the border point is r,. The
outer radius of the cylinder r,, and the length of the separation zone is l, = ry — rp.
The sizes of the elements around of border point are Ay = Iy, 2 Ay = lpuf where
f=0.125.
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In vertical direction the size of the elements is increased gradually starting from
the contacting elements and given by the following values for body B;. In vertical
direction there is a distance I, and the sizes of the elements are A1 = I, f2, Ao =1, f
and in this z direction the border of the next element is at [,. The mesh for body Bs
is symmetrical to the z-axis.

Because the position 7, is determined with iteration, the length l,, = r, — 7,
can change. The iteration is finished when the contact pressure at the border point
reaches its minimun value I; = min |¢,d(u)| < 0.0001. In the computations we have
three different values for [, = 7.5, 15 and 20 mm.

Imesh=1: Mesh (7 x 5) is used with single element layer in horizontal direction on the
left and the right hand side of the border point (A, = ly, f?).

Imesh= 2: Mesh (7 x 5) is applied with single element layer in horizontal direction on
the left hand side of the border point (A,; = l,,f?), but on the right hand
side of the border point the mesh is finer because of the double element layer
(Arl = lpufga Apg = lpuf)

Imesh = 3: Mesh (7 x 5) is used with double element layer on both the left and right hand
side of the contact border point (A1 = lpu f?, Ara = lpu f)-

Firstly, let us compare the simulations of Imesh = 1 and Imesh = 2. The results are
practically the same, see Figure In Figure the change of mesh 7 x 5 is shown,
according to the rp-version of the finite element method. The initially uniform mesh
7 x 5 is modified to (Figure [10¢) and then the final mesh (Figure [10¢) was obtained
after 10 iteration steps.

Secondly, the solution of the contact problem with Imesh= 3 is visualized by
Figure In Figure one can see the results with original mesh (i.e. without
positioning), and Figu demonstrates the results using the node positioning (i.e.
using the rp-extension method). It can also be realized that the oscillation of normal
stress o, at the border point of contact zone is very small compared to simulation
results received by p-extension finite elements (Imesh = 0), see Figure

It is interesting that the distribution of the normal stress o, in the contact zone is
smooth enough even in the case of using the original mesh. The discrepancy between
the contact pressure and normal stress theoretically should be equal to zero, in this
aspect the positioning technique gives better results, as is shown in Figure [[2] and
Figure [13]

Figure [15| shows different convergence diagrams: Figure and demonstrate
the convergence of the position of contact border (r,). It is clear that the rp-version
of the computations is better than the p-version one.

We define the following error indicators using equations and

I3, = I3(w), I3, =I3(T), (6.2)
I4u = I4(u)a I4s - 14(T) 9 (63)
10073, 10075,
(Errorp), = 3 (Errorp)s = 3 (6.4)

F, ’ F, 7



156 1. Pdczelt, A. Baksa and T. Szabo

where the resultant contact force is

F.=— / ods, o =n®.TO. n0, (6.5)
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Figure 10. Solution with modified Imesh= 1, a) [, = 7.5mm, r, =
66.8220 mm; b, ¢) Imesh= 2, [, = 20.0mm, r, = 66.8197 mm
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radial, circumferential and vertical normal stresses; e) shear stress;
f) Mieses equivalent stress; g) normal stress o, near the border of the

contact zone. The polynomial order
p=38

for displacements and stresses is
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Figure 12. Contact stress distribution using initial mesh (contact
pressure has large oscillation around the border of contact zone).

Figure [I5k and [I5{d provide a good comparison of the results obtained for the re-
sultant force F,. The rp-version has very good convergence. In these diagrams the
results obtained by the use of the total potential energy functional are also displayed.
It is surprising that the Reissner variational principle was not proved to be superior
to the principle of minimum total potential energy, though displacements and stresses
as two independent unknown fields have been approximated. Due to higher computa-
tional effort of the Reissner variational principle one can conclude that it is not worth
applying it to similar contact problems.

It is also investigated what the connection is between the polynomial order of the
stress and the polynomial order of the displacement fields. Three variants: Variant 1
(V1), Variant 2 (V2) and Variant 3 (V3) are analyzed:

V1: nps = npu — 1;
V2: nps = npu;
V3: nps =npu+1,

where nps means the polynomial order of stress approximation function, and the poly-
nomial order of displacement approximation function is denoted by npu. Figure
makes the comparison easier.
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Using the principle of minimum total potential energy with Imesh= 3, [, = 7.5 mm

(see Table [1).
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Figure 15. Convergence diagram for radius r, a) uniform mesh
(Imesh= 0); b) meshed with small elements around border point
of contact zone (Imesh= 3). Resultant force F, ¢) Imesh= 0; d)
Imesh=2,[, = 7.5mm

The Reissner principle is applied to solve the same contact problem and using the
same rp-version finite element mesh with increasing polynomial order (npu = nps = p)
and the results are summarized in Table 2

We can compare the results obtained by the total potential energy functional and
Reissner principle. Practically the radius of the contact border is the same, the error
indicators I3 and I, are mainly smaller with the Reissner principle. The difference in
resultant force F, is very small. The strain energy of Reissner principle is computed
from the approximated stress field. The convergence rate of the strain energy is a bit
larger for the Reissner principle.

It is evident that using the (7 x 5) mesh the solution gives a small discrepancy
when the polynomial order changinges from p = 2 to p = 8. However, the relative
error for r, is smaller than 0.2 % and for F, this error shows 2% ([F,(p =2)— F,(p =
$))/F-(p = 8)).

Three mesh types (Imesh= 1, Imesh= 2 and Imesh= 3) are used in order to
compare the results for these two minimization principles (I, = 7.5 mm). Results are
collected in Table [3| for nps = npu = p = 8 and NDOF = 4 474.
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Mesh 7*5, Type:Imesh=3, \Z=7v5 mm, NDOF for stress 2*(7*5)*188 at p=8
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Figure 16. a) Change in polynomial order for displacements (npu)
and for stresses (nps); b) Convergence diagram for border point of
contact zone r, when mesh is modified by small elements (Imesh = 3)

Table 1. Results are summarized as a function of polynomial order
p, based on total potential energy.

p NDOF 7, [mm] Pot.e [Nmm)] F.[N] I3[N/mm] I4[N/mm]
2 490 66.6759 128390.922 2168530.63 543.85 280.02
3 804 66.6806 127940.062 2136 748.84 119.48 110.73
4 1258 66.7532 127865.300 2133480.24 57.14 59.29
5 1852 66.7987  127840.504 2132085.58 35.23 43.61
6 2586 66.8130 127831.901 2131137.97 22.11 36.77
7 3460 66.8228 127830.607 2130957.02 21.53 34.86
8 4474 66.8225 127830.353 2130835.13 16.81 32.46

Table 2. Results are summarized as a function of polynomial order
p, based on Reissner principle.

p NDOF 7, [mm] Strain.e [Nmm] F.[N] I3[N/mm] I4[N/mm]
2 490 66.6632 128443.511 2170611.24 614.04 274.43
3 804 66.6659 127951.403 2137806.80 132.08 89.02
4 1258 66.7649 127871.373 2133994.69 70.21 53.16
5 1852 66.8107 127843.167 2132259.59 37.73 42.50
6 2586 66.8194 127832.525 2131129.16 18.51 34.05
7 3460 66.8216 127830.756 2130920.19 14.92 32.07
8 4474 66.8222 127830.400 2130804.34 11.77 30.88

Figure shows the results for 7 x 5 mesh, at [, = 7.5, 15 and 20mm, and at
Imesh =1, 2, 3, by p = 8, when using the Reissner principle. It can be observed that
the results are very similar. The smallest strain energy is supplied by Imesh = 3 and
[, = 15mm. The minimum value for the contact border radius r, is with Imesh =1
and [, = 15mm. Indicator I3 is the smallest with Imesh = 2 and [, = 7.5 mm, and
I, is the smallest with Imesh = 3 and [, = 7.5 mm.
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Figure 17. Comparing the convergence of the energy for finite ele-
ment codes using minimum of the total potential energy and Reissner
principle: a) relative error in the energy norm; b) logarithm of the
relative error; ¢) Imesh= 0, (Exrrorp), : — o —, (Errorp)s : — + —;
d) Imesh= 3, (Errorp), : — o —, (Errorp)s: — + —

The relative difference between the maximum force and the minimum force in F,
is less than 0.13 %.
Solving the above contact problem with the Reissner principle by mesh 8 x5 (NDOF =
5090), the following results are obtained:
Imesh=2 [,=75mm 7r,=066822Imm [, =15mm r,=66.8207mm
Imesh=3 [,=75mm r,=0668223mm [, =15mm 7, =66.8208 mm
This indicates that the finer mesh 8 x 5 does not give a better or different solu-

tion, therefore applying mesh 7 x 5 gives sufficently accurate results using Imesh = 2
according to Table

7. EXAMPLE FOR HERTZ PROBLEM WITH FRICTION

The contact problem for a truncated sphere with radius R = 800 mm and a cylinder
with outer radius r, = 10mm is investigated. The truncated sphere is the upper
body denoted by Bj, the cylinder is the lower one denoted by Bs. The height of
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Figure 18. Results with mesh 7 x 5, Imesh = 1,2, 3 and [, =
7.5, 15, 20mm by using the Reissner principle

the truncated sphere is 5 mm and its outer surface is a cylinder mantle with radius
10 mm. Height of the lower cylinder is equal to 5 mm.

Material parameters for the lower body are Young’s modules F; = 200 GPa and
Poisson ratio v = 0.3. Sphere is regarded to be rigid and its Young’s modules is given
as F1 = 1000F,. Vertical displacement u, = —wg = 0.005 mm is prescribed on the
top surface of the body Bj. The coefficient of friction is = 0.2.

The initial mesh is shown in Figure [[9%. The modified mesh after solution of the
frictional contact problem is given in Figure [19b. The 3@ element has new nodal
point positions, one of them is moved left to border of stick-slip region, and the other
one is moved to right to the effective contact border.

The obtained distributions of the shear stresses along the contact domain are shown
in Figure 20| for different load levels. In those points, where 7, = 7., < pp,, stick takes
place, while in the rest of points, where 7,, = 7., = up,, here are slips. Distribution of
the normal stress along the boundary z = 5 and z = 10 mm of the sphere is displayed
in Figure The resultant vertical forces of both surfaces theoretically should be
equal to each other. This requirement is fulfilled with an acceptably small error, they
are equal up to the first three digits.

Penalty parameter in the tangential direction is ¢; = 100Es, and in the vertical
(normal) direction it is ¢, = 1000Ex.
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Table 3. Comparing results for different meshes (I, = 7.5 mm).

Imesh rp [mm)] using Pot.e. min. princ. using Reissner var. princ.
1 66.8228 66.8220
2 66.8174 66.8219
3 66.8225 66.8222
Imesh Strain e.[Nmm| using Pot.e. min. princ. using Reissner var. princ.
1 127830.352 127830.38
2 127830.353 127830.40
3 127830.353 127830.40
Imesh F. [N] using Pot.e. min. princ. using Reissner var. princ.
1 2130904.48 2130948.39
2 2130860.09 2130802.48
3 2130835.13 2130804.34
Imesh Is [N/mm] using Pot.e. min. princ. using Reissner var. princ.
1 17.49 13.04
2 12.26 11.75
3 16.81 11.77
Imesh I, [N/mm] using Pot.e. min. princ. using Reissner var. princ.
1 33.09 31.67
2 31.92 30.89
3 32.46 30.88
Mesh of the body B‘, w0=0.005 mm Solution mesh of the body B‘, w0=0.005 mm
10 10
9.5 9.5
® R=800 mm i R=800 mm
8.5 8.5
8 8
E7s E7s 11=0.20
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Figure 19. Meshes of body Bj: a) original b) at the end of solution
of contact problem using position technique. The stick-slip border is
at rg—s = 0.947 mm, the effective contact border is at r, = 2.203 mm

The value of the friction coefficient u essentially influences the length of stick zone.
The results of the tangential stresses obtained for three different frictional coefficient
are shown in Figure[22] However p has only a little influence on contact border radius
rp as given here: r,(u = 0.1) = 2.213, rp(n = 0.2) = 2.203, rp(p = 0.3) = 2.193 mm.
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Load w0=0.005 mm,u=0.20, Contact shear stress [MPa]
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Figure 20. Shear stresses along the contact surface
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Figure 21. Distribution of o, along the contact surfaces at z = 5 and

z = 10 mm where the vertical displacement is prescribed

The contact pressure maximums are 423.83, 427.49, 429.13 MPa at different friction
coefficients, p = 0.1, 0.2, 0.3, respectively.
Finally problems are analyzed when only the rigidity of the sphere is changed.
The results are collected in Table @] In order to compare the results of task 4 in
Table [] with Hertz theory, the maximum of contact pressure py and resultant load

F, are calculated with 7,(1x = 0.2) = ¢ = 2.232mm.

Using the Hertz formula the force F, gert. = 4E*a3/(3R) = 2.037kN and pressure
= 195.19 MPa are calculated with E% = 1—;;11)2 + 1_;31;2)2.

_ 3F2,He'r‘tz
Po,Hertz = oral

The relative errors are very small:

Po,Hertz — PO _

Po,Hertz

2.05%.

— Fz 7

FZ ertz
Hert 0.736%, error py = 100

error F, = 100
Fz,Hertz
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Load w0=0.005 mm, Contact shear stress [MPa]
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Figure 22. Shear stress along the contact surface at different coeffi-
cients of friction
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Figure 23. Shear stress distribution along the contact surface for dif-
ferent material parameters of the sphere, a) Fy = 2000 GPa, b) Ey =

50 GPa
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Table 4. Results of the Hertz problem for different friction coefficient
uw(v=vr=1vy=03)

u=0.2 By E, T'st—sl Tp Po F,
Number of task [GPa] [GPa] [mm] [mm] [MPa] [kN]
1 00 200 0.947 2203 427.49 4.143
2 2000 200 1.179 2.211 380.18 3.761
3 1000 200 1.181 2.222 372.37 3.720
4p=0 200 200 2.232  199.19 2.052

) 50 200  1.558 2.222 83.779 0.825

In tasks 1-3 the tangential displacements of the sphere are smaller than of the
cylinder, but the opposite was calculated for task 5. This is due to the fact that the
tangential stress 7, = 7,, of the sphere is positive for tasks 1-3, and shear stress is
negative for task 5 (see Figure .

8. CONCLUSIONS

Axially symmetric normal contact problems have been investigated by the h-
version, p-version and hp(rp)-version finite element methods. The computations have
been performed by a special purpose finite element package. The code can be applied
for contact problems which leads to only a single connected contact zone.

In this paper the contact conditions are checked at the Gauss integration points.
In order to obtain highly accurate results we use a special nodal positioning technique
which ensures the contact along the whole edge of the contacting finite elements and
very small oscillation in the gap zone.

Comparing the numerical results we concluded the following.

e When using equal number of degrees of freedom for h- and p-versions the
contact pressure distributions are similar. The maximum value of the contact
pressure is bigger for h-version than for p-version. The boundary condition
for the normal stress in the gap zone is satisfied better by p-version than by
h-version.

e Accurate position of the contact border point can be determined by the use
of the hp(rp)-extension finite elements with nodal positioning technique. The
results are practically free of oscillations, and the dynamic boundary conditions
are satisfied with high accuracy in the gap region as well.

e The convergence of the hp(rp)-version has been proved by numerical compu-
tations. Using finite element mesh with one or two layers of narrow elements
at the contact border point and performing computations with a sequence of
high values of p (p =5, 6, 7, 8) give a convergent series for the position of the
contact border point.

e The accuracy of the solution with the Reissner principle is not better (at the
same NDOF for displacement field) than the using minimum principle of poten-
tial energy. For engineering contact problems it is recommended to use the
principle of minimum potential energy because of faster computation.

e Application of the special positioning technique for the frictional contact prob-
lem gives good accuracy in solutions.
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Abstract. This paper deals with four different derivations of the governing equations of a
solenoid plunger with lumped-parameter. Energy-based modeling is employed with extended
Hamilton’s principle with independent generalized coordinates and generalized momenta in
order to be applicable to composite Lagrange’s equations. In the electromechanical models,
displacements and charges are regarded to be generalized coordinates, mechanical momenta
and flux linkages are the generalized momenta. The derived systems of differential equations
are solved numerically with the Runge-Kutta method.
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Keywords: plunger, lumped-paramter, energy-based modeling, composite Lagrange’s equa-
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1. INTRODUCTION

A mechatronic problem can include mechanical, electrical, hydraulic, and thermal
phenomena. The application of an energy-based approach is suitable for the uniform
management of all of them [1]. The following domain-independent generalized vari-
ables are advisable to use in complex problems: generalized coordinates, generalized
momenta, generalized potentials and generalized velocities. The time derivative of
the generalized potentials are often called efforts, and the generalized velocities are
named flows. In this context generalized power, generalized energy, generalized poten-
tial energy, generalized potential co-energy, generalized kinetic energy, and generalized
kinetic co-energy can be defined [1]-[2].

A plunger [3] is regarded as an electromechanical problem. A number of papers deal
with modeling and simulation of hydraulic valves, which are also plungers [4]-[5]. In
these papers, models of lumped-parameter are investigated using displacement, elec-
trical current or flux linkage variables. Following that, in addition to the previously
mentioned variables, mechanical momenta will also be used to derive the governing

(©2020 MiskoLC UNIVERSITY PRESS
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equations. To the best knowledge of the authors of this article such equations for
plungers written by momenta have not been presented yet.

Next an electromechanical plunger is modeled, in which variables displacement of
the spool, electrical charge are generalized coordinates, the mechanical momentum of
the spool and the flux linkage are generalized momenta. The model of the plunger
to be investigated can be composed via purely generalized coordinates, or purely
generalized momenta, and also their mixed combinations.

This paper is organized as follows: Section [2| defines the structure of the plunger.
Section [3| details four different formulations of the governing equations of the model.
Section [4] represents results of the numerical computations. Concluding remarks are
given in Section [f]

2. A LUMPED-PARAMETER ELECTROMECHANICAL PLUNGER

The structure of the plunger is shown in Figure I} where m is the mass of the spool,
k is the stiffness of the suspending spring, r is the damping coefficient of the dashpot,
L(y) is the inductance of the coil of the electromagnet, R is the resistor of the inductor,
Up(t) is the voltage source of the circuit and k. and r,. represent the resultant stiffness
and the damping coefficients of the collision layer, respectively. The nominal gap of
the plunger is denoted by y¢ in unexcited situation. When the switch is closed the coil
produces a magnetic force, which attracts the spool downwards to the electromagnet.
Collision takes place at y = —ypo.

At this point the viscoelastic layer is under compression, it means that two springs
k + k. and two dashpots r 4+ r. are connected parallel to the spool. The spring
characteristic of the problem is shown in Figure[2] where tan o = k and tan a, = k+ke.
Due to this fact the investigated problem is nonlinear, also in its mechanical aspect.
The penalty treatment of the mechanical contact problem is based on a similar elastic
layer sometimes with nonlinear spring, as was recommended by Prof. B. Szabé [6].

It is assumed that the inductance depends on the displacement y of the spool [2]:

Ly
Ly) = ———,
) 1+ (yo +y)/h
where Ly is the inductance at zero gap, h is a geometric size, which is shown in Figure

The Coulomb charge and the flux linkage are denoted by ¢, and A, respectively. It
is self evident that the potential is zero at the vicinity of the ground.

(2.1)

In the sequel, the mathematical models of the plunger will be formulated on an
energy basis using the extended Hamilton’s principle with independent generalized
coordinates, generalized momenta and their combinations.

3. MATHEMATICAL FORMULATION OF THE PROBLEM

A mechatronic system usually contains energy conservative and non-conservative ele-
ments. To treat such system the extended Hamilton’s principle is a suitable variational
principle:
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kc, 144

Figure 1. Schematic of the plunger
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Figure 2. Spring characteristic of the electromechanical plunger

to
/((M—i—wnc)dt:O, 0qr =0 or Opr,=0, k=1,2,...,n; t=t,ty,
t

' (3.1)
where dL is the variation of the Lagrangian function containing energies and co-
energies of the conservative elements, OW e is the virtual work associated to the
non-conservative elements, dqx and dpi are the variation of the general coordinates
and momenta of a system, respectively.

An electromechanical problem can be treated by four combinations of displacement

y and charge q as generalized coordinates, and also mechanical momentum p and flux
linkage X\ as generalized momenta:
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L(y,q) =T () + Wi (@) = Vo(y) = Wela),  Wae(y, q), (32)
Ly, A) =T ) + WA = Vp(y) = Win(N),  SWoe(y, A), (3.3)
L(p,q) =V, (B) + Wi (d) = T(p) = Welq),  We(p,q), (3.4)
Lp,A) =Vy(0) + WA =T(P) = Win(N), Woep, A, (3.5)

where T™(g) is the kinetic co-energy, W} (¢) is the magnetic co-energy, V,(y) is the
potential energy, W,,, () is the magnetic energy, Vy (p) is the potential co-energy, and
T(p) is the kinetic energy. Since the investigated system has no capacitor the electric
energy W,(q) and co-energy W*(}) are zero.

Virtual works in equations 1' of the non-conservative elements are calcu-
lated by multiplication of the virtual change in generalized coordinates or generalized
potentials and their energetically conjugated generalized forces or generalized veloci-
ties, respectively.

In order to apply the energy-based approach, it is noted that generally the admis-
sibility requirements include kinematical constraints on the virtual displacements and
the velocities, and Kirchhoff’s current rule on the virtual charges and the currents.
The admissibility requirements include the equation of Newton’s second law on the
virtual mechanical momenta and forces, and Kirchhoff’s voltage rule on the virtual
flux linkages and the voltages. Usually it is convenient to satisfy admissibility condi-
tions on the virtual variations, i.e., to select a complete set of independent generalized
coordinates [2].

Performing the variation of the Lagrangian function in equation , the Lagrange
equation of the second kind can be obtained for independent generalized coordinates
and momenta.

3.1. Displacement and charge formulation (y, ¢). The most natural formulation
of the plunger is using displacement and charge variables [3]-|7], since it is easy to
satisfy the kinematical constraints and the Kirchhoff’s current rule.

If the spool is not in contact with the collision layer, i.e., (y + yo) > 0:

. 1 . 1 . 1
L(y.9,4) = 5mi® + S L) = Sky?, (3.6)

while in contact, i.e., (y + yo) < 0:

R TV B | 1
L(y,9,q) = §my2 + §L(y)q2 - §ky2 = ghe(y + Yo)?, (3.8)
W’nc = —(’f‘ + rc)y(sy + UO (t)(sq - Rq(sqa (39)

where dy, d¢q are the variation of the displacement and the charge, respectively.
The governing equations are derived with the Lagrange equations:
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d (0L oL .
dat <8q> — - =Uo(t) — Rq,

L(y)§ + Rq + L'(y)yq = Uo(t),

where L'(y) = dzgy).

If the spool is not in contact with the collision layer, i.e., (y + yo) > 0:

d (oL oL .
a\ag) oy Y

mij +ry + ky = L' (y)

)

|y

while in contact (y + yo) < 0:

d (oL —%——(r—i-r)'
at\ay) oy /¥
<2

mij+ (r 4 1e)g + ky + kely + 90) = L'(9) -

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

The resulted ordinary differential equation equation (3.11)) is the Kirchhoff’s voltage

rule, equations (3.13)) and (3.15) are Newton’s second law.

3.2. Displacement and flux linkage formulation (y, A\). The flux linkage is
often used with the displacement to derive the equations [1} [2]. Instead of Kirchhoff’s
current rule, Kirchhoff’s voltage rule should be satisfied for the flux linkages. The
voltage source Up(t) can be expressed as the time derivative of a given function of the
flux linkage Ao(t). The selection of the flux linkage variable is based on Kirchhoff’s

voltage rule Up(t) = Ur + U = (Ao — A)g + (A = 0) .
If the spool is not in contact, i.e., (y + yo) > O:

AN SUPEE I ¢
L(y,9,\) = 5™y — Sky 2L(y)’
W pe = —rydy — )‘_TWM,

while in contact, i.e., (y + yo) < 0:

. 1 ., 1 1
L(y,9, ) = 5my® = Sky* = She(y +10)* —

2 2L(y)’

A=T(t)

W'rzc = _(T + rc)ydy - R

oA,

where d\ is the variation of the flux linkage.

The governing equations are also derived with the Lagrange equations:

(3.16)

(3.17)

(3.18)

(3.19)
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d (oL\ OL A —Up(t)
@ (oL Ok A=Yl sy 2
t (a)\) (3D R ’ (3:20)
A Uo(t)
-+ — 21
R Iy R (3:21)
If the spool is not in contact (y + yo) > 0:
d (0L oL
— =) - = = ey 3.22
dt (ay) oy~ 'V (3.22)
1 _
mij + 19 + ky = SN L(y) L' (y), (3.23)
while in contact (y + yo) < 0:
d (0L oL .
.. . 1 _
mij + (r+re)i + ky + ke(y + y0) = 5N L(y) °L'(9)- (3.25)

The resulting differential equation (3.21) is the Kirchhoff’s current rule, equations
(3.23) and (3.25) are Newton’s second law.

3.3. Mechanical momentum and charge formulation (p, ¢). Mechanical mo-
menta are applied less frequently compared to displacements in dynamical problems
[1). In order to satisfy the admissibility constraint on the mechanical momenta, New-
ton’s second law should be considered:

Pm = Dk + Dr — DM, (3.26)
where p,, is the time derivative of the linear momentum of the mass m, p, is the
spring force, p, is the damping force, and pj,; is the electromagnetic force.

The constraint equation for adequate mechanical momenta is obtained by taking
the time integration of (3.26)):

DPm = Pk +Pr — PM- (3.27)
The Lagrangian function and the virtual work of the non-conservative elements are
given as:
if the spool is not in contact, i.e., (y + yo) > 0:

2
pk+ L()z (P& +pr —PM)

2% o , (3.28)

L(p,p,q) =

W e = Uo(t)dq — Ridg — “-p., (3.29)

while in contact, i.e., (y + yo) < 0:
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o (Rwe)? w — kyo)? 1 +pr — pur)’
£l 0) = P2 o)+ B L - LU (550
_ L
= — — . 31
OW e = Up(t)dq — Rgdq r—i—rcépT (3.31)

In equations (3.28)—(3.31)) the displacement y and the momenta p,,, pas are not
independent variables; they can be given by two constitutive equations in which ¢, py

and p, are the independent variables:

j = (pk + pr —pM)7 (3.32)
m
oW 1

g = — m — __I'(y)é>. 3.33
har = = = 5 L) (339

The Lagrange equations are of the form

d (oL oL
— | =) — =— =Us(t) — R4 3.34
i (5 ) - 5 = vt - a (339
L(y)i + Rq+ L'(y)yq = Uo(t. (3.35)

Substituting equation ([3.32)) into equation (3.35)) yields:

L)+ R+ 1) PP (3.36)

If the spool is not in contact (y + yo) > 0:

d (0L oL
(== )= =0 3.37
dt <3pk) Opy. ’ ( )
Pk | Pk +Pr—PM
oy = -0, (3.38)
d (0oL oL Dr
el — =L 3.39
dt (8pr) opy r’ ( )
Do BedPropu g (3.40)
r m
while in contact (y + yo) < 0:
d (oL oL
== 2= =9 3.41
dt (3ﬁk> Opr, ’ (3.41)

Dk 4 P +Dr —PM

=0 3.42
k+ k. m ’ ( )
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d (0L oL Dy
_ — 4
dt (8}%) Op, r+r. (3.43)

Pr Il il Y
r+7re m

The resulted ordinary differential equation ([3.36) is Kirchhoff’s voltage rule, equa-
tions (3.38)), (3.40), (3.42)), and (3.44]) are the kinematical connection equations.

—0. (3.44)

3.4. Mechanical momentum and flux linkage formulation (p, A). This formu-
lation is based on purely the generalized momenta, i.e., on the mechanical momenta
and flux linkage. Here in addition to the admissibility constraints equations
and valid for the mechanical momenta, Kirchhoff’s voltage rule should also be
satisfied for the flux linkage as in Subsection |3.2

The Lagrangian function and the virtual work of the non-conservative elements are
given as:
if the spool is not in contact, i.e., (y + yo) > 0:

: 2
_pi (pkt+pr—pm) A?

; — _ — 4
Lp.p.A) =5 Sy 2L(y) (3.45)
— A=Uooy  br
L _ _ 4
OW ne 7 P " opr, (3.46)
while in contact, i.e., (y + yo) < 0:
. (kyo)? . e — kyo)? (e +pr —pu)? N2
_ N _ _ 4
Lp,p,A) = 5= +yo(bx —kyo) + CETS 5 2L(y)’ (3.47)
= A—Uo Pr
ne — T - T 4
SW A (3.48)

In equations ([3.45)—(3.48]) y and pys are also not independent; they should satisfy
the following constitutive equations:

j = (P +pr — pM)7 (3.49)
m
s an _ _} / 2 -2
v == =50 (W)A"L(y) " (3.50)

The Lagrange equations can be written as:

d (0L oL \— U
S(EE) 2= 51
dt(m) O\ R (8:51)
\—Up A
+ ——=0. 3.52
R L) (8.52)
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If the spool is not in contact (y + yg) > 0:

d (9L oL
(=)= =0 3.93
dt (apk> Opk ’ ( )
Pk | Pk+DPr—Pum
i) o P .54
=t = 0, (3.54)
d (0L oL Dy
il _ = 3.55
dt (8}57,) Op, r’ (3.55)
r m
while in contact (y + yo) < 0:
d (0L oL
Dk Pk +Dr —DPM
et = =0, (3.58)
d (0L oL Dy
dt (8}’1,») COp, rHre (3.59)
DPr + Pk +pr —PMm —0. (360)
T+ m

The resulting differential equation (3.52)) is Kirchhoff’s current rule, Equations
(3.54]), (3.56) (3.58)), (3.60) are the kinematical connection equations.

4. NUMERICAL ANALYSIS

A special purpose program has been developed using Scilab software for numerical
solutions of the four set of systems of differential equations. The Runge-Kutta numer-
ical method has been used in order to get the results. The problem shown in Figure
[ has been analyzed with the following parameters: Ly = 1.5 mH, yo = 2.5 mm,
h =10 mm, R =24 Q, Uy =12V, m =10 g, k = 500 N/m, r = 1.5 Ns/m,
k.=5-105 N/m, and r. = 1500 Ns/m.

The displacement coordinate y versus time ¢ has been computed with four different
formulations and equal results have been obtained, which are shown in Figure[3] Equal
diagrams of current ¢ versus time ¢ have been computed with (displacement — charge),
and (momentum — charge) formulations (see Figure |4). Equal curves of flux linkage A
versus time ¢ have been obtained by (displacement — flux linkage), and (momentum —
flux linkage) formulations (see Figure [5). Equal curves have been determined for the
momentum p,, of the spool versus time ¢ by (momentum — charge) and (momentum
— flux linkage) formulations (see Figure [6]).

Multiple collisions of the spool with decreasing amplitude of rebounds can be rec-
ognized in Figure [3|and Figure[6] then the spool comes to a standstill. There are also
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correlations between the curves of the current, the flux linkage and the motion of the
spool (see Figure [5| and Figure @

(v,q) (y,\) (p,q) (p,\) formulations

07
-0.5]
-1
T ]
£ 1.5
s
-2
-2.5]

_3: T T T T T T 1

0 5 10 15 20 25 30 35

t [ms]
Figure 3. Displacement of the spool
(y,q) (p,q) formulations
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4
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Figure 4. Current of the coil
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(y,\) (p,\) formulation

o

T T T T 1

0 5 10 15 20 25 30 35
t [ms]

Figure 5. Flux linkage of the electromagnet

(p,q) (p,\) formulation

—4 T T T T T T 1
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t [ms]

Figure 6. Momentum of the spool
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5. CONCLUSIONS

Four equivalent formulations have been presented to model an electromechanical
plunger using generalized coordinates and generalized momenta. The system of equa-
tions obtained by two formulations containing mechanical momenta can be regarded
as novel results.

Numerical computations confirmed the equivalence of the four formulations. When
a displacement coordinate is used in the formulations together with charge or flux
linkage, three differential equations are obtained in both cases. However, seven dif-
ferential equations are derived by mechanical momentum with charge or flux linkage
formulation. Usually it is more convenient to satisfy the constraints for the gener-
alized coordinates than their counterparts of momenta. Thus a formulation based
on generalized coordinates is more popular compared to the generalized momenta
formulations.
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Abstract. This paper is intended to present an implementation of the hypersingular bound-
ary integral equations in terms of first-order stress functions for stress computations in plane
orthotropic elasticity. In general, the traditional computational technique of the boundary
element method used for computing the stress distribution on the boundary and close to it
is not as accurate as it should be. In contrast, the accuracy of stress computations on the
boundary is greatly increased by applying the hypersingular integral equations. Contrary to
the method in which the solution is based on an approximation of displacement field, here
the first-order stress functions and the rigid body rotation are the fundamental variables. An
advantage of this approach is that the stress components can be obtained directly from the
stress functions, there is, therefore, no need for Hooke’s law, which should be used when they
are computed from displacements. In addition, the computational work can be reduced when
the stress distribution is computed at an arbitrary point on the boundary. The numerical
examples presented prove the efficiency of this technique.

Mathematical Subject Classification: 74515, 45F15
Keywords: First-order stress functions, plane orthotropic elasticity, hypersingular formula-
tion

1. INTRODUCTION

The theory of elasticity for orthotropic bodies is well established in the boundary
element method. Paper [1] studies orthotropic plane problems and presents the most
important relations for inner regions by the boundary element method, in which the
displacements and the stresses are the unknowns on the boundary and the numerical
solution is based on a constant approximation of the displacements and the stresses
over the boundary elements. One of the most important advantages of using first-
order stress functions is the fact that calculating stresses requires determining first
derivatives only, whereas with stress functions of order two, the stresses are obtained
in terms of the second derivatives. First derivatives are generally more convenient in

(©2020 MiskoLC UNIVERSITY PRESS
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boundary element applications, although an additional equation is needed for sym-
metrizing the stress tensor. If the body considered is isotropic the boundary integral
equations of the direct method for plane problems in terms of first-order stress func-
tions are established in paper [2]. For orthotropic bodies [3| presents the two fun-
damental solutions of the basic equation and the Somigliana relations for inner and
exterior regions, provided that the first-order stress functions are the basic variables
and constant strains and stresses are assumed at infinity. The authors of paper [4]
modified the Somigliana formulas for plane orthotropic bodies and exterior regions by
assuming that the strains are constant and accordingly the displacements are linear
at infinity.

When using the direct boundary element method, weakly and strongly singular in-
tegrals have to be computed. This is the main reason for obtaining partly inaccurate
results for the stresses at those points located to the region’s boundary. However, the
accuracy of the numerical solutions could be increased by using an appropriately cho-
sen hypersingular formulation, because in this way the terms containing singularities
can be computed in semi-analytical forms. [5] came to the conclusion that a deep
analysis of the hypersingular formulation provides an opportunity to increase the ac-
curacy of the stress components computed at interior points close to the contour and
on the contour itself. The theory of the hypersingular boundary integral equations,
in which the displacements are the fundamental variables, is developed further for 2D
and 3D problems [6-14] and there are a number of issues (see for instance [15H18]) or
[19] for plane orthotropic elasticity) to which they can be applied successfully.

The goal of this paper is to utilize the integral equations in terms of first-order
stress functions with hypersingular kernels [20] for the problems of plane orthotropic
elasticity in order to make the stress computations more accurate on the boundary.
Section 2 outlines the most important preliminaries, i.e., it presents the governing
equations of the plane strain problem in terms of first-order stress functions for the
orthotropic case, details the corresponding fundamental solutions, and clarifies what
the boundary conditions are for the first-order stress functions. The concept of the
strain boundary conditions is also introduced. Section 3 is devoted to the problem of
how to improve the hypersingular integral formulation for boundary value problems
under plane strain conditions. The necessary equations are set up in a suitable form
in Section 4, which is devoted to some further important computational issues so that
an appropriate algorithm can be developed for the stress computations. The formulas
for calculating the stresses are derived in semi-analytical forms. Section 5 presents the
applicability of the algorithm for two simple problems and a more difficult one. The
last section is the conclusions. Some longer formulas are presented in the Appendix.

2. PRELIMINARIES

Throughout this paper a two-dimensional rectangular Cartesian coordinate system is
used in which z(z1, z2) and y(y1,y2) are the source and field points. Greek subscripts
are assumed to have the range (1, 2). The summation convention is applied to dummy
indices. In accordance with the notations introduced: d,y is the Kronecker symbol,
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€or3 is the permutation symbol and derivatives with respect to y, are denoted by a
Greek subscript preceded by a comma.

Consider a simply connected inner region A; and its supplementary exterior region
Ag. We stipulate that the contour L£,, which is divided into two parts denoted by
L and L,, admits a nonsingular parametrization in terms of its arc length s. The
positive direction on L, is the one which leaves the region on the left side. The
outward unit normal and the unit tangent on the contour are denoted by ny and 7.

The quantities that are prescribed on the boundary are denoted by hatted letters.
[Stress functions uy(s) (obtainable from the prescribed tractions)] {Strain boundary
conditions, i.e., the derivatives ty(s) = —da,/ds} are prescribed on [£:] {L£,}. Tt is
assumed that there are no body forces. The components of the elastic compliance
tensor are denoted by s11, S12 = S21, S22 and Sgg-

According to the Tonti scheme [21], stress functions are the fundamental variables,
and the stresses and strains constitute the intermediate variables of the first and sec-
ond kind in the dual system of elasticity. A prescribed incompatibility, which is in
general zero, is the source variable. For the sake of a formal similarity to the bound-
ary integral equations written in the usual forms, the opposite of the displacement
derivative ty, = —d) /ds and the stress functions of order one 1 are further notations
applied in our boundary element formalism. However, highlighting the difference be-
tween the method based on an approximation of displacements and the presented
one, these variables and the related quantities are typeset in calligraphic fonts. In
this way, the plane strain problem in terms of the first-order stress functions for the
orthotropic case is governed by the dual kinematic equations

t11 =u12, t12 = U2,
(2.1)
to1 = —u11, too = —ug 1,
the inverse Hooke’s law
e11 = s11t11 + S12to2 ,
S66
€12 = €21 = — - (tiz +t21) , (2.2)
€22 = S21t11 + Sooto2 ,
the compatibility conditions
er12 —e121+31 =0, €212 — €221+ p32=0, (2.3)
and the symmetry condition (equation of rotational equilibrium)
lig =t21 . (2.4)

With the prescribed traction #y(s), (s € £;) the first-order stress functions on the
boundary are given by

ux(s) — ux(P) = / iNo)do  sel. (2.5)
= F

where P is the starting point of the arc £; and C) is an undetermined integration
constant. Consequently, equation

11)\(8) = ﬂ)\(s) + Cy se Ly (26)
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is the boundary condition imposed on the stress functions. Since no stresses belong
to constant stress functions, C'y can be set to zero.
The strain boundary conditions on £, have the following form:

day (s
tk(s) = - (;S( ) = 7np[€pﬂ'3e7r)\ - 5p)\$03] seELy, (27)

where ) (s) is the vector of the prescribed displacements on L,,.

The outer region Ag is understood as the part of the coordinate plane outside the
closed curve £,. The stresses at infinity denoted by ¢11(00), t12(00) = t21(00), taz(00)
are all constants. It is assumed that the rigid body rotation vanishes at infinity:

p3(00) =0. (2.8)
Let ¢, (00) be a constant. The stress functions
ﬁlﬂ(ya) = 6a3pyo¢t:~cp(oo) + C,L;(OO) (29)

result in a constant stress state t11(00), t12(00) = t21(00), t22(00) at the point y. It
is obvious that no stresses belong to the stress function ¢, (o).

After eliminating the intermediate variables, equation system — yields the
fundamental equations for the unknowns uy and 3. The fundamental solutions of
the dual system can be given in a relatively simple form if on the basis of 3] we
introduce the following notations:

2 2 ?

p, = Zutse [Smﬂes} s (2.10a)

2511 2511 s11
by =+D1—VD, bo =+vD1+VD, (2.10b)

2
2591 + s 2591 + s S
2 21 + S66 21 + S66 22
=— + - =, 2.10c
b 2511 \/( 2s11 ) s11 ( )
2
2501 + s 2591 + s S
2 21 + S66 21 + S66 22

- _ _ - = 2.10d
& 2511 \/< 2511 ) 511 ( )

1 B B 1 B B
dl = — 1 @2 @% s d2 = — 1 @1 N% s (2106)

1 B2 3 1 By B3

d 1
I, =47n—=_[b3 b2 — by S12 — , K=-— . (2.10f
Fba 1 [ as11 + b, (521 + S66) 512 822] L+l ( )
where Ba is the complex conjugate of 3, and

Pa =11+ Bar2 (2.10g)

in which r, = z, — y,.
The fundamental solution of order one (2, y) in component form is given by the
following equations:
2
Uy (z,y) = —KImZda (2Inp, +3) B2, (2.11a)

a=1
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2
$ha(z,y) = KTm Y do (210 po + 3) B = 8oi (,9) , (2.11D)
a=1
2
oo (x,y) = —KImZda (2lnp, +3) . (2.11¢)
a=1

As regards the physical meaning of the fundamental solutions of order one the product
ex () (z,y) is the dual displacement uy(y) due to a unit incompatibility ey ().

Let now y be a point on the contour. The fundamental solution of order two
Twa(z,y) has the following components:

Ti1(z,y) KIIHZ { —B2s11 — s128a) *nlsﬁBQ

(522 + (591 + 7)52)} . (2.12a)

2d,,
Tya(w,y) KImZ [73666 +n1 (52185 + $228a) —

(822 + (821 + 536)52)} . (2.12b)

2d,
521(1.7 y) KIm Z

{712 (5 S11 + 812) +n1—- 266 5a
Po

a=1

—niBa(s12 + 22 +51182)] L (212¢)

2

2d,
Too(7,y) = Klm Z — {_%566604 —ny (2182 + s22) —

—n2Ba((s21 + 8%) + 51152)} , (2.12d)

where the outward unit normal n, is taken at y. The product e, (z)%Twa(z,y) is the
dual stress t)(y) due to a unit incompatibility e, (z).

It is important to note here that U.y(z,y) is weakly singular and Ty (z,y) is
strongly singular. The elements of the elastic compliance tensor can be expressed
with Young’s moduli F1, Fs, shear modulus p12 and Poisson’s ratios vqa, Va1

1 V21 V12 1 1

il — = === = — = —. 2.13
E1, S12 E2, 521 El’ 522 Ez’ 566 Lo ( )

For the inner region A; the Somigliana formulas in the dual system of orthotropic
plane elasticity are of the form

Y) :7{3 ilm(x,y)’u(a:)dsm—ji Toa(z, ur(z)ds, ye A, (2.14a)

o

S11 =
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cax(y)ua(y) :jé Ur(z,y)ta(z) ds, —?i Tealz, y)ur(z)ds, ye L, (2.14b)

0= f $ox (2, ) () dsg — 7( T p)ur(e) dsy 5 & AU Lo,
L, Lo
(2.14c)

in which the matrix ¢, (y) depends on the angle formed by the tangents to the contour
at ¥ (cun(y) = dxa/2 if the contour is smooth at y).

For the outer region Ap equations (2.14)) are slightly modified by taking the stress
state at infinity into account:

e(y) =i () + fﬁ $or (2, 9t (@) disa — fﬁ Ton(wsyin(e) dss y € A,

(2.15a)
o () (9) =i (4) + f’; ()t () disg — f[i Tor(e,y)ur (@) dsy y € Lo,
’ ’ (2.15b)
O:ﬁﬁ(y)—i—%ﬁ Shex(z, y)tx () dsx—%c Talz,yun(z)ds, y& AgUL,.
’ ’ (2.15¢)

The dual Somigliana formulas ([2.14)), (2.15)) assume the same form as those established
for the isotropic case [2] with the difference being in the fundamental solutions.

3. HYPERSINGULAR FORMULATION FOR STRESS EVALUATIONS

In this section, the hypersingular formulation is applied to determine the stresses in
the vicinity of the boundary with high accuracy. After solving integral equations
(2.14bfand (2.15b) of the direct method one obtains the values of uy(z) and tx(x) at
every nodal point. The traditional approach to calculating the stress components at
an arbitrary nodal point is the use of an equation system based partly on equations
, and on the polynomial approximation of uy and t, on the element that
contains the nodal point selected [3]. In many cases the stresses obtained in this way
are, however, not as accurate as they should be. For this reason we shall present a
hypersingular integral equation formulation which significantly increases the accuracy
of the stresses computed.

The line of thought is based on a technique developed by [5] in the primal system
of plane elasticity. The partial derivatives of equation with respect to the
coordinates y, of the source point y should be determined taking equation
into account, similarly to the case of isotropic materials [10], [20]. For this purpose,
a small neighborhood of the source point y should be removed from the region of
integration in order to obtain appropriate formulas. This way, singular integrals can
be avoided — the kernels are singular at the point z = y. For convenience, the small
circular domain A. with the source point as its center is removed from the original
region Ag. Consequently, the new contour consists of two arcs L. left from L, after
the removal of the small circle with radius € and the circular arc s..
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A4

1

Figure 1. Outer region Ag bounded by the boundary curve £, U s..

Under this condition equation ([2.15¢)) can be written in the form

e—0

0 = lim {aﬁ(w + /ﬁ 8o (2, )0 (@) — Toon (2, 9)1r ()] dsot

+ [ @) ~ Ty d} (3.1)

€

After deriving equation (3.1) with respect to y,, we arrive at

g {00+ | B 000 (0) = T s (0] it

+/ ﬂm,p(ﬂ% y)t)\(z) - {Zn)\,p(xa y)uA(x) d’sr} =0 ) (32)

where the derivatives i, , and T, , are presented in the Appendix — see equations
and . Due to the derivation, the order of singularity is increased, i.e.,
Dyxp = Upx,p has a strong singularity of O(p; '), whereas Siap = Tir,p is hypersin-
gular of O(p?).

Assume further that the stress functions of order one are continuous and differen-
tiable in the neighborhood of the point y. Then it holds with good accuracy that

ux(@) = ux(y) +urs(y)(zs —ys) + O ). (3.3)
It is also not too difficult to check that the opposite of the displacement derivative ty
in the vicinity of the source point assumes the form
aU)\
t)\(l‘) = _g = _U)\,‘fr(y)Tw(x) = _u)\,ﬂ(y)€3p7rnp(x) . (34)
Making use of these approximations, we can rewrite equation ([3.2)) into the follow-
ing form:
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s p(y)+

11_I>I(1J {/ Dixpta(z) — Seaptin(z)] dsz+/ Dixpltr(@) + unx(y)7r(x)] dsy—
€ L.

Se

E/HMM fwﬂmm—W—m@m%i/&mmM@—

Se

_/ DnApuA,w(y)Tﬂ(x)dsz _/ Sﬁ)\pu)\,(s(y)(xts - yJ)dsx} =0. (35)

Observe that the second integral in the second line and the first integral in the third
line are equal to zero if their limits are taken. The value of the last integral in the
third line can be manipulated into the form

lim {/ Siapdszun(y )} = lim {Wux(y)} ; (3.6)

in which the coefficient byx,(y) depends on the local geometry of S, at the source
point y throughout the limiting process [10]. This formula clearly shows that the
limit of the above integral — due to the fact that the kernel is singular — is unbounded
and depends also on the value of b,.»,(y). However, if the source point y is an internal
point, then by»,(y) = 0 — the proof is omitted here but can be done in the same way
as in paper [5]. Hence taking the limit of the last two integrals in yields

lim {/ Dm/\puk,ﬂ'(y)Tﬂ'(m)dSw +/ Sn)\puk,ts(y)(xﬁ - y5)dsz} =

e—0
= dnaﬁﬂ(y)uaﬁ(y) ) (37)

where dyagp(y)tta,sg = 0.5u, , if the contour £, is smooth at the source point y.
Finally we have

lim {/E [Dirpta(z) — Seaptia(@)] dsx} -

e

ﬂm??m@%%W@MM%@&

e—0

After performing the limiting process and assuming that the boundary curve is
smooth, the Somigliana stress identity takes the following form at all boundary points
y with the exception of ‘non-smooth boundary points’:

e )+ )+ iy [ (S0 (0) = Dosgta (0] dss 4 222000 f =0 3.9

e—0

Assume further that contour £, is divided into npg boundary elements L. (e =
1,...,npg), which have three nodes: the two end points and the middle point num-
bered locally as a = 1, ..., 3 in the direction s. Thus, the usual isoparametric approx-
imation is employed with quadratic boundary elements, which may be discontinuous
if necessary. With the previous notations and the Somigliana stress identity ,
the elements of the stress tensor ¢y, at the boundary point y can be obtained in the
following form:
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tyr(Y) = €papttn,p(Y) = 26435 § —Un p(Y) +

NBE

+ Z /L€ Dixrp (x,y) ta(x)ds, + /Lm Dixrp (x,y) ta(z)dsz —

e=1, e#£m

- > /ﬁ Sexp (z,y) u§ (x)ds, + /E Sixp (T, y) ur(z)ds, | ¢ . (3.10)

e=1, e£m m

The superscript e identifies the e-th boundary elements, while the element containing
the source point y is denoted by the index m. Therefore, the line integrals with
singular kernels on the m-th boundary element can be separately treated in a semi-
analytical form, while the other integrals can be determined numerically by using the
standard Gauss integration technique.

4. SEMI-ANALYTICAL TREATMENT OF INTEGRALS CONTAINING SINGULARITIES

Once the boundary fields uy(x) and t\(x) in terms of nodal values are known from
the solution of the direct boundary integral equation method, the nodal values u§ and
t{ (a=1,...,3), which belong to boundary element e and local node number a, are
set up in matrix form

)" =[ui up uf w3 uf uj] (4.1)
and
=14 & 8 8§ & &] (4.2)
on the e-th element (j = 1,...,6). It is obvious that the approximations of uy and ty
over the e-th element are of the form:
uy = Ny (Ous , th = Ny, (95, (4.3)
in which

N 0 N2 0 N 0

is the shape function matrix constituted by the quadratic Lagrange polynomials

N©=38E-1), N@O=1-8, N@= 6E+),  (45)

which map the element onto the interval £ € [—1,1] — isoparametric approximation.
The line integral with the strong singularity O(p;!) taken over the m-th element in

is of the form
o= [ Do EmN©I©d = [ G 46
Rm e



194 S. Szirbik

The line integral with the hypersingularity O(p,?) in (3.10) can be expressed in the
following form:

= [ Sopen @06 = [ e (4.7

Making use of the notations introduced the stress tensor ¢, at the boundary point
y is given by

Fanlt) = 26y ) )+ D0 [ s () Nas© 486 + I, -
e=1l,e#m
- X / Siap (&) Naj (§)J(§)d&uG + I ui™ | o . (4.8)
e=1l,e#m

Here J(§) is the Jacobian, R is the mapping of L. onto the interval [—1,1]. The
meaning of R* can be read off Figure 2] which also shows the mapping of the bound-
ary element £,, onto the axis £&. The length of R is denoted by «(e), while 7 is the
image of the source point y on this interval.

oe) ole)
| P {

|
J— 1 |
-1 RTMRT O 1

o>
g
Figure 2. Illustration of the interval R7* on the map of £,, on the axis &.

After determining the power series representation of F p(f ,1), the singular terms
in the integral expression can be isolated. If we want to give the power series of
Siap (€, 1) in the vicinity of the source point 7, the power series expansion

i _ 1 _ Bl + /BQBQ
pa (A1 +BaA2)?0% T (A + BaAs)’ s

o(1) (4.9)

is needed, in which § = £ —n. The constants Ay and B) can be obtained from the
first two terms of the Taylor series of the position vector r) taken in the vicinity of
the source point n:

8:6)\

rx=2x() —ya(n) =0+ —~ (5—77)4'

1 6236)\ 2
o€ |, ) (E—n)"+

2 o¢? &=n
= A\6 + Br0® + O(6%), (4.10)

where

1 1
A=l -2}t e+ Ll o2, Bi= i@l -2dead) @
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are constants at n; z}, 3 and x3 are the nodal coordinates in the usual representation.

[ 2
Moreover, let A = J(n) = 4/ >, A%. Then the power series of the shape function
A=1

matrix is of the form

NM@):NM@\ dNAJ<f>| (€ —m)+0(5?) =

dg §€=n
="Nyji(n) + Ny ()8 +0(6%) ,  (4.12)
where
Nt 0 O°N%Z 0 ON2 0
N B S o (413
in which
1 1
"N =g =1, N =1-n7,  ONU(m)=gn(n+1)  (414)
and
INt 0 INZ 0 IN® 0
[1N)\j(77)} = |: 0 1N1 0 1N2 0 INS :| ’ (415)
in which
1 1
N =5m-1), N ==, IN(m)=g(n+1). (4.16)
For the product of the Jacobian and the vector n, we obtain:
J1 (&) = J (€) = Ay + 2Bod + O(6?) (4.17)
I (€) = nzJ (5) = A - 2Bi6+ 00 (4.18)
After substituting power series into integral (4.7), the integrand F,} (€, 7)
can be manipulated into the followmg Laurent series in the v1c1n1ty of the source point

n:
—21m —1rm
ijp (77) Fnjp (77)

woEn) = +0(1), 4.19
Jp( ) (é_ o 77)2 g - ( ) ( )
where ~'EF7% (1) and QF;’},)( ) are constant values at a fixed n € (—1,1). The

details are presented in Appendix - Subtractlng the first two terms of the power
series of the integrand F; p(f 1) from equation and investigating these terms
separately, three line integrals are obtained:

" ) . —2F;TL ( ) _IF;” (,'7)

_2F",l» —lFm
+ lim / %(Z)dg + lim / L()dg =
=0 | Jrm_orm (€ — 1) =0 | Jrm_omm  £—71

=0rm 4 7R T (4.20)

rip T rjp T Kjp
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Note that the integrand of °I I}, is a polynomial, i.e., it is not singular. Hence the

limit
! EG, ) T, ()
orm = / E™ (&,m) — il L d 4.21

is a regular integral, which can be computed by using the standard numerical integra-
tion techniques. We have chosen a 14-node Gauss-Legendre quadrature rule for the
interval [—1,1]. The second and third integrals can be calculated analytically. After
dividing R™ into two subintervals [—1, —«] and [«, 1] separated from each other at
the singular point 77 and making use of the series presented in the Appendix, the limit
of the two last integrals in equation can be obtained. Some paper and pencil
calculations yield the following analytical result:

n- _1 1 —1 m

& — e—0+ —-n
—1 n+a

Kjp

1_77 —1mm
n’ F™ (n) . (4.22)

A similar procedure results in the last integral in equation (4.20) in a closed form:

—

= 5 Lo
Fm Fm
“21m — lim /7”“’ (Z)dg + lim /W(Z)dg _
P emo- &—mn) e-0t €—n)
—1 n+a
1 1 )
= |— | 2™ . (4.23
{1+n+1—n] wip(m) . (4.23)

Consequently, formulas (4.21)), (4.22) and (4.23)) can be used to determine the integrals
taken over the element that contains the singularity. It is obvious that the singular
integrals can be given in closed form while the line integral without singularities is
computed numerically. After collecting the results, the final formula for the evaluation
of the hypersingular integral is presented in the following semi-analytical form:

1 72Fm 71Fm
o [ (e [ s o

1—n|_, 1 1 9
In|——— | F™ -4+ — m 4.24
| ST ) - | | R ) (2
where 1 € (—1,1). When the point y coincides with the endpoints (n = —1 or n = 1),
one has to apply the formula below:
Kjp Kip dé+
(&—n)? € )

1
Ifijp /;1 <F/i]p(€777) -
2 1
+1In o sgn(8)~ 1F,ijp( ) — [ﬂzsgn(é) 2] _QF;JP( ), (4.25)

7

F, ) | T (77)
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where i = m if n = 1,4 = m + 1 if n = —1 and, in addition, ¥;(n) = A~! and
1 2
Yi(n) = *ﬂ( >~ AxB,) as proposed by [10].
A=1

The line integral with the strong singularity O(p,!) on the m-th element can be

treated similarly to equation (4.7). The integrand G}7%,(€,7) in equation (4.6) is
manipulated into the following series in the vicinity of the source point n:

—a, )
ij(§7 ) - %

The details are presented in Appendix (A.4]). The corresponding line integrals can be
determined in the same manner as for equation (4.20)):

B —1Gm_
I:}p = ilﬁ% {/Rmsz ( mp(f’ n) - M) df} +

—1Gm ()
. Kjp 0rm —17m
+§£%{/Rmm Teen df} o+ e - (427

After finding the limit values in question, it turns out that the term 0[:} , 1s not

singular. It can, therefore, be computed numerically with sufficient accuracy. As

+0(1). (4.26)

regards the term _1123 , We can express it analytically:
1 71Gm~ (77) 1— n
m = — P A4 In|———| TlG™ . 4.28
Kjp /_1 < Iijp(é- 77) 5_ n f 1+ n Kjp (77) ( )

If y coincides with an endpoint of two neighboring elements (i = m for n = 1 and
i =m+ 1 for n = —1) the following formula should be applied:

Y Gy, 2
I;Jp /_1 (G?{jp(fvn) 5_”27(77)) dé + In 5

7

sgn(0)71GL. (n) . (4.29)

Kjp

The above results show that the singularities can be integrated analytically over the
m-th element. A program has been developed in Fortran 90 for finding numerical
solutions.

5. NUMERICAL EXAMPLES

Problem 1. We shall consider a plane strain problem. It is assumed that there is
a rigid circular inclusion in the plane of the strain with a radius R = 10mm and a
constant stress state is prescribed at infinity: ¢1; = 100 [MPa], t12(c0) = ta1(00) =
tao(00) = 0. The stress functions that characterize a constant stress state are given
by equation . The material of the body in plane strain is birch for which sy; =
8.497-107° [mm?/N], s12 = 891 = —6.11-107¢ [mm?/N], s22 = 1.699 - 10~ [mm?/N]
and sgs = 1.456 - 1073 [mm?/N] are the elastic coefficients [3].

It is clear that the inner boundary is fixed. Then the strain boundary condition
that can be described on the circle is of Neumann type. Determination of the
stresses on the inner boundary can serve as a benchmark for proving numerically that
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the use of equations and results in increasing accuracy concerning the
stress computations. The contour is divided into only 24 uniform quadratic elements.
Though there are two undetermined integration constants in equation which
have, however, no effect on the stress computations, we must to set them to a pre-
scribed value (to zero) at such nodal points on the boundary where this can be done
with ease. For Problem 1 the stress function iy is set to zero at point A and the stress
function us is set to zero at point B — see Figure [3| for details.

X2

S

X1

t11(@) t11(@)

Figure 3. Outer region bounded by a circle for which a constant stress
state is prescribed at infinity.

Table 1 contains the quotients t,/t11(00), tr,/t11(00) and ty,/ti1(c0) obtained
at various boundary points for the rigid circular inclusion using a polar coordinate
system. Analytical results at given ¢ are obtained from Lekhnitskii’s book [22].

Table 1. Results for the rigid inclusion.

trr tﬂp t#’#’
t11(00) t11(00) t11(c0)
) HBIE DBEM anal. HBIE DBEM anal. | HBIE DBEM anal.
[rad] [3) (22 13) (22 13) [22)

0 1.1364 1.1363 1.237 0.0000 0.0000 0.000 | 0.0449  0.0444 0.044
w/12 | 1.1562  1.1558 1.156 | —2.9936 —2.9999 —0.299 | 0.0934  0.0936 0.093
w/6 | 0.9370 0.9364 0.937 | —0.5185 —0.5188 —0.519 | 0.2696  0.2701 0.270
w/4 | 0.6377 0.6370 0.698 | —0.5987 —0.5986 —0.599 | 0.5154  0.5158 0.516
w/3 | 0.3383 0.3377 0.338 | —0.5185 —0.5181 —0.519 | 0.6989  0.6990 0.699

5r/12 | 0.1192  0.1188 0.119 | —0.2994 —0.2987 —0.299 | 0.5637  0.5627 0.564
w/2 | 0.0390 0.0389 0.039 0.0000 0.0000 0.000 | 0.0044  0.0028 0.003

The present HBIE solutions show very good agreement with the literature data
[22] and are also more accurate than the solutions from the direct boundary element
method (DBEM) [3] with the same coarse mesh.

Figure [] depicts the hypersingular solutions for the stresses on the quarter ¢ €
[0, 7/2] of the circle. The numerical results (lines) show good agreement with the
analytical results (marks): ¢, (solid line, diamonds), t,, (dot dot dashed line, boxes)
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and ¢, (dashed line, circles). The stress distributions plotted from the stress values
computed at arbitrarily selected points per boundary element match very well with
the marks. The further advantage of using HBIE, which is also demonstrated in the
following figures (Figure and , is its ability to directly calculate the stress
components anywhere on the boundary, contrary to the direct method [3].

1201 T
) \“\\ trr
100 \‘\@\ ,,,,, too
A Itrq)l
. 801 AN
Qc?. \\\ AT
b o X s - N
% 60 Q'/’) Vx'\\;“‘a q
o ,,/' \
407 L e \\\\ .
B ’ N P - Z V / \\\\\\ ¢ N N \
207 o 7 \.\\:\ A
o © \"“‘*;ﬁg
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
¢ [rad]

Figure 4. Exact and numerical solutions for the rigid circular inclu-
sion as a function ¢.

Problem 2. We consider the same outer region including a circular hole with radius
R = 10mm with the previous constant stress state prescribed at infinity. The inner
boundary is, however, free; thus, the stress functions are zero on the whole boundary
(Dirichlet boundary condition). Through this example, equations and
can be separately validated for computational accuracy.

Using a polar coordinate system, Table 2 represents the numerical results for
typ/t11(00) obtained at various boundary points.

Table 2. Results for the circular hole.

t@@
tu(OO)

%) HBIE DBEM  anal.

[rad] 13] [22]
0 —-0.7075 —-0.7074 —-0.707
w/12 | —0.3399 —0.3393 —0.340
/6 0.0691 0.0695 0.069
/4 0.4039 0.4045 0.404
/3 0.9664 0.9661 0.966
5m/12 2.5771 2.5774 2.577
/2 5.4526 5.4541 5.453
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Figure |§| depicts the hypersingular solutions for the stress t,, on the first quarter
@ € [0,7/2] of the circle: t,, =0, t,, (dot dot dashed line, boxes) and ¢,, = 0.

5001

400

3001

t [MPa]

200
100 =)

=l

01 028 704

R

0.6 0.8 1 1.2 1.4 1.6
¢ [rad]

Figure 5. Exact and numerical solutions for the circular hole as func-
tion .

The results of the present HBIE solutions in comparison with the existing numerical
[3] and analytical [22] solutions show a high accuracy and good fitting at various
boundary point.

Problem 3. We consider an L-shape domain (see Figure 6) in order to investigate
the effect of singularities arising at the reentrant corner, in the vicinity of point C. In
the computations the following dimensions of the L-shape are chosen: b; = h; = 100
mm, by = he = 50 mm, and under the given loading (p; = 5 MPa and py = 10
MPa) an equilibrium state is investigated. Our results are compared with those of
the commercial software Abaqus, to assess the accuracy and efficiency of the method
presented in this paper.

According to papers 23], [24], [25] the finite element method (FEM) mesh for
Problem 3 has 5281 nodes and 16232 quadratic elements (CPES8R, 8-node biquadratic
plane strain quadrilateral, reduced integration, approximate global size = 1.5 mm),
and a bias ratio of 7 is used along the lines BC and CD to refine the mesh in the
vicinity of point C. The components of the elastic compliance tensor are the same
as in the previous examples, therefore, the elastic constants are F; = 11768.86 MPa,
E5 = 5885.82 MPa, 1112 = 686.81 MPa and v12 = 0.072 (see equation )

For our BEM solution, the traction boundary conditions with the zero values for
C) at point O are, formally, given by equation , where 11 (s) is either constant or
linear with gradients p; or ps on the boundary. The boundary of the L-shape domain
has been discretized by 160 uniform quadratic elements with a length of 2.5 mm so
that the lines BC and CD are divided into 20 elements. But even in that case, the
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Figure 6. Geometry and boundary conditions for L-shape domain in
an equilibrium state.
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Figure 7. Comparison between FEM (¢) and HBIE solution (—)
along the line BC.

stress solutions using HBIE show a good agreement with the Abaqus results denoted
by diamond marks. Nevertheless, there is little difference between the FEM and BEM
results in the vicinity of the corner point where the local mesh refinement is used in
FEM analysis for stress singularity [24]. The stress ¢1; along line BC is plotted in
Figure [7] to further demonstrate the efficiency of the method. t15 = too = 0. The
stress too along line BC is plotted in Figure [8] while ¢t1; = t15 = 0. Corner points B,
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Figure 8. Comparison between FEM (¢) and HBIE solution (—)
along the line CD.

C, D, E and F on the boundary of L-shaped domain do not lead to any difficulties
since discontinuous boundary elements can be used at those corner points in BEM.
This is a significant advantage over most collocation schemes.

6. CONCLUSIONS

This paper is devoted to an application of first-order stress functions in the hypersin-
gular boundary integral formulation by which the stress components on the boundary
can be computed with a high accuracy both in the plane region and on its bound-
ary for plane orthotropic elasticity. For this case the hypersingular boundary integral
equation method has been developed providing that (i) the region under consideration
is a simply-connected region with a smooth boundary, (ii) there are no body forces,
(iii) the material is orthotropic.

It has been proven that the formulas for calculating the stresses on the boundary
can be derived in semi-analytical forms. The hypersingular boundary integrals are
resolved into two parts. The first one, which is completely free from singularity,
should be computed numerically — this computation results in, however, a very small
numerical error. The second part (terms containing singularities) can be expressed
analytically in a closed form. Consequently, in contrast to the conventional stress
calculation, which uses polynomial approximations for the derivatives and thus might
even lead to significant errors both in the formalism and in the numerical results in
the vicinity of the boundary, the stress calculation method suggested in this paper is
much more reliable and accurate due to the way it handles the hypersingular integrals.
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A formulation of Somigliana stress identity for plane orthotropic elasticity has

been developed and implemented in a Fortran 90 code for the numerical computa-
tions. The computational results we have obtained illustrate that the accuracy of the
computations is increased significantly and confirm that a semi-analytical treatment
of hypersingular integrals is very effective.
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APPENDIX A.

A.1. Derivatives of the fundamental solutions of order one. Making use of equations
(2.11)), we can determine the derivatives Dy, = Hir,p. The results are presented below:

2 2
da da
Dini(w,y) = 2KIm ) p*ﬁi ., Dia(w,y) = —2KIm » | ?Ba =Don(z,y), (Ala)
a=1"% a=1 "¢
. d
Dai1(z,y) = —2KIm Z p—aﬁa , Da21(z,y) = 2KIm Z — (A.1Db)
a=1 « a
N . d
Dir2(z,y) = mez iﬁi ) Dis2(w,y) = —2KImZ iﬁg =Dao2(z,y), (A.lc)
a=1"% a=1 "¢
. d . d
D212($,y) = —QKIH’IZ fﬁg 5 DQQQ(I,y) = QKII’HZ piﬁa . (Ald)
« a=1 «@

A.2. Derivatives of the fundamental solutions of order two. Making use of equations
(2.12), we can determine the derivatives Sxxp = Trx,p. The results are presented below:

Sin(z,y) = —KIIHZ [TLQ 51185 + s128a) + ﬂlsﬁﬁa

+ ni(s22 + (s21 + S%)Bi)] , (A.2a)

2dq
Si21(z,y) = KIm Z [%56662 +n1 (52185 + 8228a) —

— na(s22 + (s21 + S%)ﬂi)} , (A.2b)

2dq
Sa11(z,y) KIIHZ [712 (81152 + 512) + nlsg,@a -

— mBal(siz+ 250) 45|, (A20)

2da
Sa21(z,y) KIIHZ [_%5666a —n1 (Szlﬂa + 822) -

— n2fa((s21 + ) + Sllﬁa)] » (A2d)

2

Sui2(z,y) KIIHZ % [—m (Basin + s1282) —m %52 -

— ni1(s228a + (821 + S%)Bi)] , (A.2e)
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2

2da
Si22(x,y) = KImZ 2 [m (5215i + 52252) + %566/62 -

a=1

— n2(s228a + (s21 + sﬁ)ﬁa)] , (A2f)

s
S212(x, y) KIIHZ [n2 Suﬂa + 512/804) +n1ﬁ5a —

- mBi((s+ B +enpl)] L (A2g)

Sa22(z,y) = KIm Z [—fscsaﬁa — (82152 + 5225a) -

— n2Ba((s21 + 5?) + sllﬁi)] ., (A.2h)

where the normal n, is taken at the point x.

A.3. Series expansion of the integrand F},(£,n). The Laurent series of F,;;(£,n) in
accordance with equation (4.19) is given in the series expansion at a given 7 as follows:

2
m 1 N
Fljp(€1) = Sexp(€m)T(ONas (€) = | Klm 37 oo P, No )| 67+
a=1 @
72F;’;p(7l)
3 1 2 Bi+B.B:
KI — —as KI 1 abD2 o . ON-
< mazzl (Al +/60¢A2) a PA T mz Al +/BQA2) a ,0)\) /\](77) +
]' 0

LR ()

and without entering into details, the functions are listed below:
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%a111 = 2da (—A2822 + A1512Ba — A282185 — Assee3a + Alsnﬁz) )
Ya111 = —2do (—2Basaz + 2B15128a — 2B252185 — 2BasesBa + 2B1s1183)
Ya121 = 2dq (822A1 + s22A2Ba + 5214185 + 821142523) )
Yaio1 = —2da (282231 + 2522B2fa + 2821 B185 + 28213252) )
agin = 2da (—512A1 — 5124280 — 5114185 — 51142033
Yagi = 2da (—2s12B1 — 2512Bafa — 2511 B183 — 2511 Ba2f33)
91 = 2da (—822A2 + 5214180 + s66A1B8a — s21 4282 + 811A1/32) )
Yago1 = 2da (—2822B2 + 2521 B1Ba + 2566 B1 B — 2521 Ba2fa + 2s11B1f33) A3b
a1z = 2dq (—822A25a + 51214152 - 82114252 - 566A2,Bg¢ + 811A15§) ) (A.3b)
Yar1z = 2da (—2520B2fa + 2512B13 — 2501 B2, — 2566 B2 + 2511B1a)
a12s = 2do (s2041Ba + s220A4285 + 5214185 + 501 423)
Ya122 = 2da (2522818 + 2522 B35 + 2521 B185 + 2521 B2f3y,)
a1z = 2da (—s1241Ba — s12A4282 — s11A18% — 511 4283)
Yag1z = 2da (—2512B1Ba — 2512B283 — 2s11B183 — 2511 B2
ag20 = 2dq (—822A25a + s2141 85 + se6 A182 — s21A285 + 811A15§) )
Yasss = 2dq (—282232,3a + 2521 B182 + 2566 B18a — 2521 B235 + 2511315@ .

A.4. Series expansion of the integrand G;,(£,n). The series of G\};,(£,7) in accordance
with equation ([4.26) is given in the series expansion at a given 7 as follows:

G;V;P(£> 77) = DNAP(€7 n)J(g)N)\J (5) =

2
Z s +ﬂaA2)““*"0N”(’7)571 +0(1), (Ada)
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in which
alll = QdQﬁiA ) 5112 = Qda 214 3 a211 = —QdaﬂaA )
G212 = —2daB2A , d121 = —2daBa A, G122 = —2doBEA (A.4b)

G201 = 2da A, G222 = 2dafaA
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