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Abstract

The noise and vibration characteristics of newly developed products become increasingly
important due to restrictive governmental regulations and customers’ demand for acous-
tical comfort. A detailed knowledge about the product’s structural behaviour is required
in the early design phases to allow for an efficient optimization of the sound and vibration
properties. Nowadays, virtual simulation tools are applied to get this information in a
time- and cost-efficient way.

The flexural vibrations of plates are considered to be one of the most important sources
of sound. Therefore, an accurate but simple mathematical model of the plate is required
and efficient numerical techniques to solve the resulting governing equations have to be
developed. This dissertation addresses the modeling of the structural vibrations of plates
and the improvement and extension of an efficient numerical technique called Wave Based
Method.

The most common mathematical models of plates are the Kirchhoff plate theory and the
Mindlin plate theory. While the simpler Kirchhoff plate theory is generally applicable for
thin plates and low frequencies, the more complicated Mindlin plate theory can be used
for thick plates and higher frequencies. In this work, both models are analysed and their
range of validity concerning the plate thickness and excitation frequency is thoroughly
examined.

The Finite Element Method (FEM) is generally applied to predict the harmonic response
of a plate in the low frequency range. Since the computational load of the FEM strongly in-
creases with rising frequencies, alternative calculation methods are needed to get accurate
results for plate vibration problems in the so-called mid-frequency range. A deterministic
method called Wave Based Method (WBM) is able to tackle problems in the mid-frequency
range due to an increased computational efficiency. This dissertation considers the devel-
opment of the WBM for thick plate vibration problems governed by the Mindlin plate
theory.

The general methodology of the WBM is specialized for the governing equations of the
Mindlin plate theory and a different approach to select the basis functions in the WBM
is proposed. Furthermore, new particular solution functions, which are closed-form an-
alytical solutions of an infinite plate under certain excitation types, are presented. The
computational performance of the WBM compared to the FEM is investigated through a
variety of validation examples and the advantages of the new wave function selection is
shown.
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1 Introduction

This chapter deals with the general context of vibrational analysis. A brief introduction
concerning the importance of numerical simulation techniques for structural vibrations of
plates is given in Section In Section the scope and objectives of the dissertation
are outlined and finally an overview of the main topics covered by the dissertation is shown
in Section [L.3

1.1 Motivation

In the global and dynamic market of today, companies are constantly competing against
each other to increase their market share. One important point in winning this competition
is the fast development of new products [I]. Therefore, the development cycles and the
time-to-market should be as short as possible to respond quickly to the changing customer
demands [I]. Other important factors in the product development process, besides the
customer demands and time-to-market, are the costs and quality of the product, but
also environmental factors like noise, air and water pollution emitted by the products [2].
Due to restrictive government regulations [3] and growing political and public awareness
of negative consequences resulting from pollution [2], the environmental factors become
increasingly relevant and have to be taken into account in the early design phases of a
product.

Especially the noise and vibration characteristics of newly developed products are of high
interest, since not only the governing legislation has to be fulfilled, but also the customer’s
sensitiveness for the acoustical comfort steadily increases [4]. A major source of noise is
the vibration of solid structures, which can lead to a radiation of sound in the surrounding
fluid. Whether sound radiation occurs, depends on the type of deformation, since only
motion perpendicular to a surface can cause radiation [5]. Therefore, having a detailed
knowledge of the vibration characteristics of a product in the early design stage is crucial
to efficiently optimize the sound properties and to avoid undesired noise.

Virtual simulation tools are a possibility to gain this knowledge in a more time and cost
efficient way compared to physical experimentation methods [6]. Furthermore, virtual
models allow for a more profound insight into complex processes, which is not readily
possible with a physical prototype and parameter variations are easily realized with a
minimum of additional costs. In order to get a valid virtual prototype to analyze vibra-
tion characteristics, an accurate structural model of the investigated product is required
and efficient computational methods are needed to predict the structural vibrations and
radiated noise of the structure.

One of the most investigated structure as a sound source is the flat plate [7], since the
flexural vibrations of thin structures are strongly related to sound radiation [§] and are by
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far the most important deformation type for the radiation of sound [5]. Several different
models exist, which describe the structural behaviour of a plate [9]. The accuracy of
these models depends on a variety of parameters, especially the plate thickness and the
excitation frequency. Two very common theories are applied to investigate the vibration
characteristics of plate structures: the Kirchhoff plate theory [I0] and the Mindlin plate
theory [11]. The main advantage of these two theories is the simplicity compared to more
detailed models, e.g. a three-dimensional elasticity model, but certain restrictions have to
be fulfilled to get accurate results.

Generally, these models lead to systems of partial differential equations, which have to be
solved for certain initial and boundary conditions. An analytical solution of these prob-
lems is only feasible for very simple geometries and boundary conditions, which hardly
occur in real life applications. Therefore, different numerical methods have been devel-
oped to predict approximate solutions of more complicated cases. By far the most used
numerical method in structural dynamics is the Finite Element Method (FEM) [12], which
enables solutions for nearly every possible problem configuration. The problem domain is
decomposed into small elements and simple functions within each element approximate the
exact solution. Even though nearly every kind of problem can be solved accurately with
the FEM, the computational load increases very fast if, for example, higher frequencies
are considered.

The complete frequency range can be divided into three regions, the low-, the mid- and
high-frequency range [13, 12]. These three frequency ranges are generally defined by the
ratio of the free wavelength A to a characteristic length L of the problem domain and not
by absolute frequency values. The three frequency ranges are characterized as follows:

e Low-frequency range

In the low-frequency range, the response of a component either only depends on the
boundary conditions and does not involve wave propagation (A/L >> 1) or only a small
number of local modes contribute to the total response (A\/L =~ 1) [12]. Furthermore,
small changes in the model properties or geometry have only a minor influence on
the component’s response and therefore, a deterministic calculation of the response
at certain points or the spatial response field in the domain is usually of interest [13].

e High-frequency range

In the high-frequency range, a huge number of local modes contribute to the total
response of a component (A/L < 1) [12]. The response becomes very sensitive to
small perturbations in the model properties and geometry and therefore, averaged
values like the space and frequency averaged energy values are calculated instead of
the deterministic values at certain points [13].

e Mid-frequency range

The mid-frequency range is situated between the low- and high-frequency range
(A/L < 1, but \/L <« 1), where an intermediate number of local modes contribute to
the total response of the component. It is also possible that some components of an
assembly are still vibrating in the low-frequency range, while others are already in the
high-frequency range. This state of vibration is also called a mid-frequency problem
[12].



1.2 Scope and objectives of the dissertation

In the low-frequency range, element-based numerical methods, e.g. the FEM, are very well
suited to analyze the vibrations of a structure, while statistical methods like the Statistical
Energy Analysis (SEA) are efficiently applicable in the high frequency range. The mid-
frequency range leaves a gap regarding the computational methods (the so-called mid-
frequency gap), since the element-based methods become too computationally demanding
and the requirements for the statistical methods are not yet met [I3]. Therefore, it is
an important task to develop new computational methods, which can predict sufficiently
accurate results for plate vibration problems in the mid-frequency range with an acceptable
computational load.

1.2 Scope and objectives of the dissertation

In the past two decades, a great effort has been put into the development of new compu-
tational methods or improving the established ones to close the mid-frequency gap. While
some approaches try to improve the computational efficiency of low-frequency methods
to extend their applicability to the mid-frequency range, others aim to relax some of the
required assumptions of the statistical methods, which allows for their use at low frequen-
cies.

One of these methods is the Wave Based Method (WBM) [I4], which has been developed
at the KU Leuven over the past 20 years. The WBM is a deterministic method and is
based on the so-called Trefftz principle [I5]. Even though it is a deterministic method,
an improved computational efficiency is obtained by using a priori information of the fi-
nal solution, which allows for its application in the mid-frequency range. The WBM has
already been developed for many different types of problems, e.g. interior and exterior
acoustics, poroelastic materials and structural dynamics. Especially in the field of struc-
tural dynamics, the investigations have been focused on beam, thin plate, membrane and
shell vibration problems. Although this already covers a broad band of problems arising
in structural dynamics, there is still room for extensions and improvements of the WBM
in the field of structural vibrations.

While the WBM for thin plate vibration problems governed by the Kirchhoff plate theory
is well developed, the prediction of thick plate vibrations is not yet feasible with the WBM.
Furthermore, the definition of a thin and thick plate is not consistent in the literature,
which is crucial for choosing the most appropriate theory. This leads to the following two
goals in this dissertation:

1.) Analysis of the validity ranges of the Kirchhoff and Mindlin plate theory

Generally, the literature states that the Kirchhoff plate theory is applicable for thin
plates and low frequencies, while the more accurate, but also more complicated,
Mindlin plate theory can be used for thick plates and higher frequencies. There-
fore, two different limits of the theories have to be distinguished, a geometrical limit
(thin or thick plate), which can be defined through a ratio of the plate thickness to
the smallest lateral dimension, and a frequency limit, which can be specified by the
ratio of the bending wavelength to the plate thickness. A review of the literature
shows that several definitions of a thin and thick plate exist, which are rather differ-
ent from each other. Also the frequency limits for the Kirchhoff and Mindlin plate
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theory are not consistent within the literature. Therefore, one goal of this dissertation
is the review of the stated limits in the literature and the analysis of the underlying
assumptions, which have led to the definition of these limits. Furthermore, collecting
additional information on the validity of the two plate theories, especially for plate
bending vibrations, is an objective of this thesis.

2.) Extension of the WBM to thick plate vibration problems

The WBM for harmonic vibrations of thin plates governed by the Kirchhoff plate
theory has been well developed by Vanmaele and her co-workers [16] 17, [I8]. Since
the applicability of the Kirchhoff plate theory is limited to thin plates, the vibrations
of thick plates cannot yet be predicted by the WBM. The main goal of this dissertation
is to close this gap and extend the WBM to thick plate vibration problems governed
by the Mindlin plate theory. Therefore, the universal methodology of the WBM for
generalized Helmholtz problems stated in a WBM review article by Deckers and her
co-workers [I4] has to be specialized for the governing equations of the Mindlin plate
theory and specific problems like stress singularities in the response field have to be
addressed.

The practical application of the WBM involves several challenges, e.g. the need of analyt-
ical particular solution functions to represent external loadings or the ill-conditioning of
the WBM system matrix, which has to be considered in the matrix building and solution
process. This leads to two additional goals of this dissertation:

3.) Development of new particular solution functions for plate vibrations

The application of the WBM and generally most of the other Trefftz methods re-
quires the transformation of a system of inhomogeneous partial differential equations
into a homogenous one. This is usually achieved by finding closed-form particular
solution functions, which fulfil the inhomogeneous partial differential equations, while
neglecting the applied boundary conditions (infinite domain). For plate vibration
problems, only the solutions for an infinite plate domain excited by a point load is
available in the literature, which limits the efficient use of the WBM for other load
cases. Although a technique to find an approximate solution for general load cases
has been developed by Jonckheere and his co-workers [19] [20], new particular solution
functions are of major interest. Therefore, the development of analytical particular
solution functions for plate vibration problems under certain load cases is another
goal of this dissertation.

4.) Improvement of the stability and conditioning of the WBM

Among all indirect Trefftz methods, the ill-conditioning of the resulting system matrix
is a great challenge, since an accurate but efficient construction of the system matrix
is required and the solution of the system of linear equations has to be performed
with appropriate linear solvers. The conditioning of the system matrix is strongly
influenced by the chosen basis functions [21] and therefore, a goal of this dissertation
is the analysis of the applied function selection and the identification of possible
improvements in the function selection concerning the accuracy and stability of the
WBM. Furthermore, investigating the efficiency, stability and accuracy of different
solvers for the system of linear equations arising in the WBM is an important point
in this work.



1.3 Qutline of the dissertation
1.3 Outline of the dissertation

This dissertation in structured into four parts. The first part contains the introduction
and theoretical background and in the second part the main research questions are an-
swered. The main conclusions are drawn in the third part and finally several appendices
are collected in the fourth part.

Part I: Introduction to the simulation of steady-state structural vibrations

Part I consists of four chapters. Apart from a general introduction and the theoretical
background on mathematical models and numerical techniques, the first research goal is
addressed.

Chapter 1 gives a short introduction on the importance of numerical techniques in the
product development process and states the main research goals of this dissertation.

Chapter 2 introduces the most important mathematical models for structural vibrations
of plates. Furthermore, the first research goal is addressed by a detailed analysis of the
useful ranges of validity of the Kirchhoff and Mindlin plate theory.

Chapter 3 presents an overview of the most important numerical techniques to solve
structural vibration problems. Additionally, improvements and extensions of the common
element-based and statistical methods to close the mid-frequency gap as well as Trefftz
based approaches are outlined.

Chapter 4 provides an in-depth discussion of the WBM. The general methodology of
the WBM for generalized Helmholtz problems is stated and the required steps to build a
WBM model are explained. The properties of the WBM are compared to other methods
and a comprehensive literature survey of the WBM is presented, including all fields of
application and improvements and extensions of the WBM.

Part II: Extensions and improvements of the WBM for structural vibrations

Part II focuses on the main research goals, the extension of the WBM to the vibrations of
thick plates, and is structured into two chapters.

Chapter 5 discusses the development of new particular solution functions for thin and
thick plates. First the mathematical principle used to derive the particular solutions
are stated and then the known solutions of the point load excitation are reviewed. The
response field of an infinite plate to a constant ring load, a constant circular load and an
alternating circular load are developed by either analytically integrating the point force
solution or using the Hankel transform.

Chapter 6 handles the extension of the WBM to plate vibrations governed by the Mindlin
plate theory. Stress singularities arising in the Mindlin plate theory are analyzed to formu-
late so-called special purpose functions, which can improve the computational properties of
the WBM. The general methodology of the WBM is specialized for the Mindlin plate the-
ory by transforming the governing equations of the Mindlin plate to Helmholtz equations,
defining the basis functions, proving the T-completeness of the function sets and develop-
ing the weighted residual formulation, which finally leads to a system of linear equations.
A different wave function selection with advanced numerical properties is presented and a
variety of validation examples is solved with the WBM.
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Part III: Conclusion and final remarks

Chapter 7 summarizes the main developments of the dissertation and concludes with the
main achievements yielded by this work.

Chapter 8 proposes further research topics, which have not been covered in this work.

Part IV: Addenda

Part IV collects the derivation of different variational formulations for structural problems,
additional results of the validation examples, the bibliography, the author’s curriculum
vitae and a publication list.



2 State-of-the-art mathematical models for
structural vibrations

This chapter presents the mathematical modelling techniques for solid structures and
especially simplified models for thin structures and their range of validity are reviewed. In
Section the basic equations of elasticity are stated for linear elastic, isotropic materials
and small deformations and displacements. Furthermore, a generalized mixed variational
principle is shown, which allows for the representation of the basic equations in a strong
and weak integral form. Simplified models for thin structures, e.g. the Kirchhoff plate
theory or the Mindlin plate theory, are presented in Section Several assumptions
are used in the development of these simplified models, which are only fulfilled under
certain conditions. Therefore, the range of validity of the different simplified models is
investigated in Section

2.1 Vibrations of linear elastic solids

The basic equations of elasticity are reviewed in this section, which can also be found in
many textbooks, e.g. [22] or [23]. The equilibrium approach and the variational approach
are used to derive the governing equations. A linear elastic, isotropic material is assumed
and the deformation and displacements of the body are considered to be small. Therefore,
the linear strain-displacement relations and Hooke’s law for isotropic materials are valid.
The stresses and the body force vector f acting on an infinitesimal element are shown
in Figure Applying Newton’s second law to the infinitesimal element and using the
Einstein summation convention, the equations of motion in terms of stresses are given
by
2

Uj

0 o
oijj+fi=p 52 (i, j) = {z, y, 2}, (2.1)

with oy (¢ = j) the normal stresses, 0;; = 0j; (i # j) the shear stresses, f; the body forces,
p the density, ¢ the time and u; the displacements. In Equation the index notation
o, denotes the partial derivative of e with respect to x. The linear strain-displacement
relations are

1
Eij = i(uz‘,j + uji), (2.2)

with €;; (i = j) the normal strains and €;; = €;; (¢ # j) the shear strains. The constitutive
relations for an isotropic, linear elastic material (Hooke’s law)

Oij = A €k (51']‘ + QMEij k= {ac, Y, 2}, (2.3)
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Figure 2.1: Normal and shear stress on an infinitesimal element

with ¢;; the Kronecker delta and A and p the Lamé constants, relate the stresses and
strains. The Lamé constants are given by

__EQ+inv
)\_(1+V)(1—21/)’ (24)
p= i, (2.5)

with £ the Young’s modulus, v the Poisson’s ratio, > 0 the material loss factor and
j = +v/—1 the imaginary unit. The constitutive relations can also be defined through the
strain energy density function for linear, isotropic materials [24]

— A
U= 5 €ii €55 + W Eij Eij (2.6)
and the relation .
oUu
i = =—. 2.7
Oij 851']' ( )

The substitution of the linear strain-displacement relations (Equation (2.2)) and the con-
stitutive relations (Equation (2.3))) into the equations of motion in terms of stresses (Equa-
tion ) and the assumption of harmonic vibrations at angular frequency w, lead to the
Navier-Cauchy equations [23]

i jj+ A+ ) wjgs + fi = —pw’ u;, (2.8)

where the factor ed“? is omitted.
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2.1 Vibrations of linear elastic solids

In the absence of body forces (f; = 0), it is possible to decompose the Navier-Cauchy
equations using

0® O0Hsz O0H»

_ 0% O0Hs; OH, 2.
Yo = or + oy 0z’ (2.9)
oo od omy
R T (2.10)
0® 0H, O0H;
e N i 2.11
“ 0z + Oz oy ( )

where ® is a potential function, which gives rise to dilatation and Hy, Hs and Hs are
potential functions, which give rise to rotation 23], 25]. The Navier-Cauchy equations
(Equation ([2.8))) are fulfilled if the potential functions satisfy the Helmholtz equations

v2q>+—<1>—0 (2.12)
ci
) w2
v Hi—i—%Hi:O i={1,2,3}, (2.13)
with
A+2
cr = kel and cg = \/ﬁ, (2.14)
p P

the propagation velocities of dilatational (longitudinal) and rotational (shear) plane waves
in an infinite elastic solid [23, 25] and V? = 0%/0x2+0%/0y*+0? /02> the three-dimensional
Laplace operator in Cartesian coordinates.

In Figure an elastic solid 2, which is divided into two sub-domains Q = Q@ UQ® s
shown. The Navier-Cauchy equations are three coupled second-order partial differential
equations and require three boundary conditions at every point of the problem surface
I =T'@ yr®. The boundary coordinate systems, shown in Figure with the normal
unit vectors () and the tangential unit vectors s() and t) (I = {a, 8}), which satisfy
n® .50 =0 and n® x sV = £t0 (4 for | = a and — for [ = ), are used to define the
common boundary and interface conditions. Each sub-domain surface is subdivided into
three non-overlapping parts @) = Pﬁf‘)urff‘) U@ h) and T = Fq(f) UF&B)UF(O"B), where
(@5 is the interface between the two sub-domains. The common boundary conditions
are [20]:

e Dirichlet boundary conditions (kinematic boundary conditions) with prescribed nor-

mal displacement ugl) and tangential displacements ug) and u(l)

RY) =l —al) =
relRY =ul 7 =0, (2.15)
RY) =u) —a! =0,

0 _

with ug) =nDTyl ), us = 50"y and ugl) =t0"u® and the displacement vector
@ g )}

ud — [ Dy

(l)—Oandug):Q

. The special case of fixed boundaries is given by a;” =0,

11



2 State-of-the-art mathematical models for structural vibrations

e Neumann boundary conditions (mechanical boundary conditions) with prescribed
O] —() 0.

normal traction o’ and tangential tractions o5’ and o,

RY — o 50 _ g,
reTP{RY = () *é” —0, (2.16)
l (1
RO _ p 70—

with J,,(Ll) = n(l)Tcr(l)n(l), agl) — sO"aWn® and agl) —t0" OO and the Cauchy
stress tensor

(ORESSORE()

Ozxzxz Oyr Ozx

ol = 09(32 O'?(jy) a,(zly) : (2.17)
A o) o0
The special case of a free boundary is given by 57(1[) =0, Egl) =0 and Egl) = 0.

The so-called mixed boundary conditions are a combination of Dirichlet and Neumann
boundary conditions in different coordinate directions and are defined by

RO —o® o _g or RO _ o0 _ 50 _g
reT{RY = 2” —al =0 or RY =00 *(” —0, (2.18)
RV =ul’ —a® =0 or RY =060 - 5,5” -

and the special case of rolling boundary conditions with zero normal displacement (ﬂg) =

@

0) and zero tangential tractions (75’ = 0 and Egl) =0).

At the common interface I'(®#) | the two sub-domains are forced to move together and the
continuity of displacements and the force equilibrium across the interface

R = ui) +
RS )+
(a
t

(
R\
(¢

9

)

e
o8
)(
<a>(
o

o’

a,
n
[0}
Us
[0}
Ut
«

)
)
)
r e T(@d) )

B
, B
, B
, B
@ 7
@ _

R
R

Il
qmqq:::

)

) =0
) =0
) _

-0

: 2.19
g (2.19)
)~
)~

I

have to be fulfilled. At the common interface, the normal and tangential boundary vectors
of the two sub-domains are related by n(® = —n¥) g(@) = _g(B) and ¢(@) = —¢B),

Together, the basic equations (Equations 7) and the boundary and interface
conditions (Equations (2.15)), (2.16), (2.18) and (2.19))) describe the problem of elasto-
dynamics in strong form. For certain numerical methods, it is beneficial to describe the
problem of elastodynamics in a weak form. The variational approach is a possibility to
derive a weak form of the elastodynamic problem.

Compared to the previously shown equilibrium approach, the sub-region three-field gener-
alized mixed variational principle for elasticity, shown in [26] for the static problem, is an

12



2.2 Simplified models for thin structures: Plate theories

Figure 2.2: Boundary conditions and coordinate systems of a subdivided elastic solid

alternative approach to derive the basic equations and boundary and interface conditions
of elasticity. The stationary condition of the functional

t 37(55;)) ) ) o 1o O] O]
S§L=0= /to ;fff((w — 0y |0eiy — <5ij - §(“m’ +uj,i)>5aij

910}

(o, + 5 - pu§l>)5u§l>) av + f f (o0 — ) oull as - f f (u®) 5030 ds

r ri

+ f f (o1 = o) ul® — (ul® + u)501)as | at, (2.20)

(e B)

with de the variation operator, I = {«, 8}, (i, ) = {z, y, 2z}, = {n, s, t} and e the
second derivative with respect to time is equivalent to the basic equations of elasticity
(Equations (2.1)—(2.3)) and the boundary and interface conditions (Equations (2.15),
2.16), (2.18) and (2.19)). The integral form of the elastodynamic problem in Equation
2.20)) is derived in Appendix @ by extending the approach shown in [26] to dynamic
problems. The strong integral form in Equation can be transformed into a weak
form through integration by parts.

2.2 Simplified models for thin structures: Plate theories

If one dimension of an elastic solid is sufficiently small compared to the other two dimen-
sions, it is not always necessary to solve the three-dimensional elasticity equations derived
in Section Simplified two-dimensional models, the so-called plate models, have been
developed to study the deformation and stress fields in thin plane elastic solids.

The plate models introduce additional assumptions of the displacement field, which sim-
plify the governing equations compared to the Navier-Cauchy equations from three-dimens-

13



2 State-of-the-art mathematical models for structural vibrations

ional elasticity. Depending on the kinematic assumptions, several plate theories, the clas-
sical plate theory (Kirchhoff plate theory) [10], the first order shear deformation theory
(Mindlin plate theory) [II] and higher order shear deformation theories, e.g. the Reddy
plate theory [27], have been developed.

In Section the Mindlin plate theory is reviewed and the underlying assumptions of
the theory and the resulting governing equations are stated. The Kirchhoff plate theory is
derived in Section and an overview of higher order plate theories is given in Section
2:2.3] A comparison of the Kirchhoff and Mindlin plate theory and their range of validity
are shown in Section 2.3

2.2.1 Mindlin plate theory

The Mindlin plate theory, a first order shear deformation theory developed by Mindlin in
1951 [11], is reviewed in this section. A further description of the theory can be found in
many textbooks, e.g. [22, [9]. In the Mindlin plate theory, it is assumed that [22]

e the plate thickness is small compared to the other two dimensions of the plate,
e the out-of-plane displacement of the plate is small compared to the plate thickness,

e straight lines, which are normal to the middle plane in the undeformed plate (trans-
verse normals), remain straight in the deformed state,

e the transverse normals are inextensible and the transverse stress component is neg-
ligible

and therefore, the linear strain-displacement relations are valid and the displacements,
shown in Figure [2.3] are given by

u(z, y, z, t) = up(z, y, t) + 2. (x, y, t), (2.21)
v(z, y, 2, t) = vo(z, ¥, 1) + 2y(z, y, 1), (2:22)
w(x,y, z, t) =w(x, y, t). (2.23)

In Equations 7, uo(x, y, t) and vo(z, y, t) are the displacements in z- and
y-direction of the points on the middle plane (z = 0), w(z, y, t) is the out-of-plane dis-
placement in z-direction (independent of z), ¥, (x, y, t) is the positive rotation about the
y-axis and vy (z, y, t) is the negative rotation about the z-axis. The plate thickness is
denoted by h and the geometric middle plane, as seen in Figure coincides with the
xy-plane.

Substituting Equations (2.21)) - (2.23)) into the linear strain-displacement relations (Equa-
tion (2.2))) leads to

5] oY,
U0+ ) 0

rz = = z 2.24
€ o 9y~ Cre +2zK (2.24)
8’00 a¢
Eyy = e +z 8—; = sgy + 2 Ky, (2.25)
22 =0, (2.26)
1 811,0 81)() 8% 6%)) 1 0
ey =5\ A - 5 2y 2.2
Exy 2(8y+8 +z (8 +8x Q’yzy—i—zmy (2.27)
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w ow
% 4 4,
A A’
co) )
1 7/ N
B/ B/
z z s
Yo, w V0, w
A A
A c A
h 2] _ h zrc =
T,u Y, v
\ |
B B

Figure 2.3: Kinematic assumptions of the Mindlin plate theory

1 ow 1
5 (wx + 8%) Q’Yacm (2'28)
1 ow 1
(¢y ) Q’sz, (2.29)
with €2, Eyy and 'yzy the strains of the middle surface (membrane strains), kg, £y and Kgy

the flexural strains (curvatures) and +,, and 7,, the shear strains [9].

From the linear strain-displacement relations it is apparent, that the strains due to flexure
vary linearly in thickness direction, while the membrane and shear strains are constant
through the plate thickness. Even though e,, = 0, a state of plane stress (o,, = 0) is
assumed, since the thickness of the plate is small compared to the other two dimensions.
The plane stress-reduced constitutive relations for a linear elastic isotropic material are
given by [22]

E(1+]
Toe = i_ygn)(fm +vey), Oay = 2G eay,

E(l1+]
Ty = i_yg%yy +veg), Oas = 2Geys, (2.30)
0., =0 (neglected), oy = 2G ey,

with G = p the shear modulus. Substituting Equations ([2.24)) — (2.29)) into Equation ([2.30))

and integrating over the plate thickness h, the normal forces

Nx_/

h
N, = / oy dz = (5, +vel,), (2.32)
2

Oredz = ( P ngy), (2.31)

w\:-
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2 State-of-the-art mathematical models for structural vibrations

the shear forces

-4 C
Ny = [@ Opydz = 5(1 —v) 'ygy, (2.33)
2
-3
Q. = / L opdz = k2 G hy., (2.34)
-3
Qy = / h Oyz dz = k2 Gh’)/yz (235)
)

and the bending and twisting moments

h
2

M, = /_h Oz 2d2 = D (kg + V Ky), (2.36)
3

M, :/ , oyy2dz = D (ky + v Ky), (2.37)
u
2

Mgy = / . Oayzdz=D (1 =) Kay (2.38)
3

are obtained. In Equations (2.31)) —(2.38))
E(1+jn)h
= 7 2.39
C T2 (2.39)

is the extensional rigidity of the plate,

E(1+jn)h?

b= 12(1 - 12)

(2.40)

is the flexural rigidity of the plate and k2 is the shear correction factor (Reissner 5/6,
Mindlin 72/12) to account for the actual shear stress distribution in z-direction.

The normal and shear forces and the bending and twisting moments, given in Equations
(2.31) — (2.38)), can also be defined through the membrane energy density

_ C 2 2 1 2
Uin(2y, €0, 72,) = 2((621) + () +2velach, + 5 (1-v) (1) ) (2.41)
the bending energy density

— D
Ub(Key Ky, Kay) = 5(/{3 + /{5 + 2V kg ky +2(1—v) I{gy) (2.42)

and the shear strain energy density
— k*Gh

U oz W2) = 5 (1 + 72 (243)
and the relations B B B
N, = (;Z%’Z, Ny, = ZZ(Z’ Nyy = g%r:,
M, = ggj, M, = gg;, 2 M,, = gfi’; : (2.44)
U oU
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2.2 Simplified models for thin structures: Plate theories

An infinitesimal plate element is shown in Figure with the shear forces @), and Qy,
the bending moments M, and M,, the twisting moment M,,, the external normal load
¢ and the external moments m, and m, in Figure and the membrane forces N, N,
and N, in Figure (body forces are neglected). The equilibrium of forces in z-, y- and
z-direction and the equilibrium of moments about the x- and y-axis lead to the governing
equations of the Mindlin plate theory

8Nm + 8wa . hOQUO

o (2.45)

8£x +8§?2Jy +q:”h€§g’ (2.47)
aé\ix aja\éxy Qu = Plf;ga;zgx’ (2.48)
%Jragjy ~Qy +my=p§8;;€y- (2.49)

Substituting Equations (2.31]) - (2.38)) into the governing equations (Equations ([2.45]) —
(2.49)) leads to the equations of motion in terms of displacements

Puy 1—vduy 1+v 0%y _ph 9%y

= — — 2.
a2 T e Vo aay 0 a2 30
2 92 2 2
8v0+1 1/81)0+1+1/8u0:@8@0’ (2.51)
Oy? 2 Ox? 2 Orxdy C 0Ot?
Pw  Pw 0w
2 _
kK Gh (am i +<I>> +a=phgq (2.52)
D , 9o\ o, ow\ _ phd 0%,
- ((1 NV w$+(1+u)ax) k Gh(warax) pm, =S )
D 9 0P 9 ow ___ ph?® 0%,
= ((1—1/)V ¢y+(1+u)8y> s Gh(wy—i— % >+my_12 o (250

where V2 = 92 /02% + 92 /0y? is the two-dimensional Laplace operator in Cartesian coor-
dinates and ® = 0, /0x + O, /0y. It is apparent that Equations (2.50) and (2.51)) are
decoupled from the Equations — (2.54) and therefore, the in-plane deformation wug
and vy (membrane behaviour) is decoupled from the out-of-plane deformation w, 1, and
1y (bending behaviour). The decoupling only occurs if linear strain-displacement relations
are assumed and the plate geometry and material properties are symmetric with respect
to the middle plane.

In the absence of surface loads (g = 0, M, = 0, M, = 0) and the assumption of harmonic
vibrations at angular frequency w, it is possible to decompose Equations (2.50) and (2.51))
using [17]

1 de(x,y) 1 do(x, y)
W or R oy
1 de(x,y) 1 do(x, y)
Koy K oz

ug(z, y) = (2.55)

vo(w, y) = (2.56)
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\ ;!Mwy /Ny
Qu 1 M K _ N L B
/ Yz m;% / Yz
‘M, T ¥, N, Ny
q oM.
d M H M+ 2522 da d oN. N+ 2o dy:
Y / zy ]\/fz+ P J\/Iz 42 zy Y, / N:ry + INay A4 O
/ /
| Wy + Ty Noyt25tdy
[ 4 ¥ /4 4
Yy Mxy‘f’d]uzyd VQ?/—'_ diny Y N + 81ydy
dx dx

(a) Shear forces and moments

(b) Membrane forces

Figure 2.4: Infinitesimal plate element

with e(z, y) the dilatational strain and o(z, y) the rotational strain and

pr 2

and k= | L (2.57)

the in-plane longitudinal and in-plane shear wavenumber. Substituting Equations (2.55))
and (2.56)) into Equations (2.50|) and (2.51)) leads to two uncoupled Helmholtz equations

(V2 + k) e(z, y) =0, (2.58)

(V2 + k?)o(m, y) =0. (2.59)

Similar, the decomposition of Equations (2.52)) — (2.54)) is achieved by applying three po-
tential functions wy (z, y), wa(z, y) and H(z, y) and the relations [I1]

U)(LL‘, y) = ’UJl(ZL', y) + w2($7 y)? (260)
8fwl (.’E, y) 811)2 (JZ, y) aH($7 y)
= -1)—= -1 2.61
%(3?; Z/) (:U’l ) o + (:UJQ ) o ay ) ( 6 )
8’UJ1 (.7), y) aw? ($, y) aH(aj? y)
= -1)——== -1 — 2.62
which transform Equations - to three uncoupled Helmholtz equations
(V2 + K )wn(z, y) =0, (2.63)
(V2 + k?g)’l[)g(l’, y) =0, (2.64)
(V2 +k2)H(z, y) = 0, (2.65)
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2.2 Simplified models for thin structures: Plate theories

with
k= % ki (R +8S+ J(R—9)2+ ,;%) (2.66)
ko = %k,‘} (R +8— J(R—9)2+ %) (2.67)
K= E - (Rks— 1), (2.68)

the bending dominant and shear dominant flexural wavenumber and the out-of-plane shear

wavenumber [28]. The constants in Equations (2.60) — (2.62)) and Equations ([2.66]) — (2.68)

are given by

D phw? h?
[ p— k4 — R=t
k2Gh’ b D 127
k2 k2 (2'69)
M= R —1/8 M= R —1/s

In Figure a plate domain 2, which is divided into two sub-domains Q = Q@) U Q¥
is shown. The in-plane deformation of the plate is defined by two coupled second-order
partial differential equations, while the out-of-plane deformation is governed by three
coupled second-order partial differential equations. Therefore, two boundary conditions
are required for the membrane behaviour and three boundary conditions for the bending
behaviour at every point of the plate boundary T' = '@ yT'(®).

The boundary coordinate systems, shown in Figure with the normal unit vectors
T T

nl) = {ng), ng(/l), 0} and the tangential unit vectors s() = [sg;l), sg), 0} (I = {a, B}),

which satisfy n() x s)’ = e, are used to define the common boundary and interface

conditions. The boundary of each sub-domain is subdivided into four non-overlapping

parts T@ = T UT® UTY UT@ A and TG = TP UTP UTE LT | Where T(@H)

is the interface between the two sub-domains.

a)

n(

P(a)

uag.

Y 5(8)

e, T

Figure 2.5: Boundary conditions and coordinate systems of a subdivided plate
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2 State-of-the-art mathematical models for structural vibrations

The common boundary conditions for the in-plane deformation (ug, vg) are [17]:

e Dirichlet boundary conditions (kinematic boundary conditions) with prescribed nor-

mal displacement aﬁf) and tangential displacement Ugl):

RO 0 a0 _
pe (D M =t = 2.70
"{R() WO 70—, (2.70)

us — U s =

with ug)

T
[u(()l), v(()l)} . The special case of fixed boundaries is given by Hg) =0 and ﬂg) = 0.

=n0 4 and ugl) = 50 4D and the in-plane displacement vector u(®) =

e Neumann boundary conditions (mechanical boundary conditions) with prescribed

normal force NS) and tangential force ng

O] (OB Va0
RY =N,”—N, =0
o ) N, n n :
rely {Rﬁ\l,) B ﬁfs) 0 _ 0 (2.71)

where the special case of a free boundary is given by WS) =0 and W,(Q =0.

e Mixed boundary conditions are a combination of Dirichlet and Neumann boundary
conditions in different coordinate directions. Two different combinations are feasible
() =10, urd,).

uo2

r® Ry =) —al) =0, 2.72
rely. Rg\z[) _ N _FO _y (2.72)

and

R, =N{-N)) =0

ns

O] 0 _ =0
Ru = Un —Un =Y,
re rff)ﬂ{ ot (2.73)

The special case of a simply-supported boundary is given if ﬂgl) = 0 and NS) =0

—()

for the first combination and @,’ = 0 and N,(Q = 0 for the second combination.

At the common interface I'(® ) the continuity of displacements and the force equilibrium
across the interface

R ol ) = 0,

r e D@f) s s s ’ 2.74
REH) _ N _ NP g, (2.74)
RE\‘;:?) N(a) N’r(zﬂ) 0’

have to be fulfilled.
The common boundary conditions for the out-of-plane deformation (w, 95, ¢y) are [20]:

e Dirichlet boundary conditions (kinematic boundary conditions) with prescribed out-

of-plane displacement w(") and rotations @ff) and ES):

reT{RY = 3P <o, (2.75)
RY = 4 — 3 =,
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2.2 Simplified models for thin structures: Plate theories

T
with wg) =n0" O and wg” = 50" 4" and the rotation vector ¢ = [¢$), él)}
The special case of fixed boundaries is given by w) = 0, @ﬁf) =0 and ES) =0.

e Neumann boundary conditions (mechanical boundary conditions) with prescribed
@ @

bending moment M,,’, twisting moment M,,; and shear force Q(f):

RY) =M -7 =0,
reTPCRY) =M - M) =0, (2.76)

ns —

7ot a0

where the special case of a free boundary is given by Mff) =0, M(Q =0and @S) =

e Mixed boundary conditions are a combination of Dirichlet and Neumann bound-

ary conditions. Two different types are considered (r(), =19 U FEL()TQ) the soft

support: e
RY = w® — 50 =,
relD RN =M -1 —o, (2.77)
RY) =M M) =0,

n S

and the hard support:

O 0 _ 0 — 0,
rer?), R(l) =M -3 =, (2.78)
R(l) w9 g0 =0

The special case of simply-supported boundaries is given if w®) = 0 and MS) =0

and M,(f) = 0 for soft simply-supported and 1[J(l) = 0 for hard simply-supported

boundary conditions. In general, the soft simply-supported boundary conditions are
used to avoid the plate paradox shown in [29].

At the common interface I'(®#) | the continuity of the displacement and rotations and the
force and moment equilibrium across the interface

RI&H) — (@) —p(8) =,
RO — o) 4yl g,
ROyl 4y g,
Rﬁ B _ @y _ g
RSO = mlg) - é/? =0,

r e f) (2.79)

have to be applied to ensure a rigid connection between both sub-domains.

)

The bending moment Mg), twisting moment M}ls, shear force Q,(Ll) and rotations wﬁf)
and zpé” are shown in Figure and the normal force N,(Ll) and tangential force N,SQ in

21



2 State-of-the-art mathematical models for structural vibrations

(a) Shear forces and moments (b) Membrane forces

Figure 2.6: Infinitesimal element at a plate boundary

Figure (o) is omitted in the figures). The equilibrium of forces and moments for the
infinitesimal plate elements in Figure [2.6]lead to

NG = n®@* N 4207 NO 4 200 0D N, (2.80)
N =n D (N = ND) + (0 = n{)NL), (2.81)
MDD =n0” MO +n0* MO + 200 0O MY, (2.82)
M = 0 D (D = M) 4 (00 — P 253)

(2.84)

l l l l l
QY =n{ QY +n) Q).

The strong form of the plate membrane problem is finally given by the governing equations
in terms of displacements (Equations and ) and the boundary and interface
conditions in Equations ([2.70]) —(2.74]). The plate bending problem (Mindlin plate the-
ory) is governed by Equations - and the boundary and interface conditions

(Equations (2:73) — (2:79)).

The plate membrane problem and the plate bending problem is completely decoupled in
case of a planar plate if linear strain-displacement relations are assumed and the plate
geometry and material properties are symmetric with respect to the middle plane. The
assembly of non-coplanar plates leads to a coupling of the in-plane and out-of-plane de-
formation through the interface conditions [I7], while the governing equations are still
decoupled. For curved plates, so-called shells, the membrane and bending behaviour is
coupled through the governing equations [22].

As in Section[2.1] the sub-region three-field generalized mixed variational principle for thick
plates, shown in [26] B0] for the static problem, can be applied to derive the governing
equations and boundary and interface conditions of the Mindlin plate theory. Since the
scope of this work is on pure bending problems, the integral form of the plate membrane
problem is omitted. The extension of the approach shown in [26] [30] to the dynamic

22
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problem leads to the stationary condition of the functional

(l) MO ) 8U(Z) 0 o
6L—0— t fo VICH PO (S ViR P
’ Oky
0] __() )
(9Ub l l GUS ) ! 8US l l
" (8 (0 _2Mﬂ£y))5’<:(r23+ ((?yg(ch)_Qi(z) 5’7g(cz)+ (%ZSZZ)_Q?S) 573(4,3)

O oy’ o
l l Yy ! l
_<ﬁ;> )w) (y_ W o (2 2

oy’ 0 w_ 9w 0\ sow w_ 90" 05w
“or Mg, — sz—87—¢x Q" — Vyz—Ty—¢y 0@y

) 0 3 O] O]
_ <3Mm L May o) | ) P’I@z))(%o _ <5My 4 My o

ox Ay 12 dy ox Y
@
—w_ph? o (0@ 9Qy GAPG
+my, 1 1/} >5w < o By — pha' |dw' |dedy

i, (40 =T + (0 )00
w UL oo
[ (2 = 300 + (00 @ o)

/(l) (d}” >6M d8+/(l) F(l) (ngl) 7M1(1l))6'¢7(zl) ds
@]}

T e m (<M7(1a) - M )5%& + (MSL?) - M}L/;))éwga) + (Q%a) + Q;ﬂ)>5w(a)

— (4 + 9P e — (9 + ) oMD — (w? — w@)sQP))ds | dt,  (2.85)

which gives the integral form of the Mindlin plate theory and is equivalent to all field equa-
tions and boundary and interface conditions of the plate bending problem. In Equation
(2.85) only the hard mixed boundary conditions are considered. The soft mixed boundary
conditions can be included in a similar way. Equation is derived in Appendix
The transformation of the strong integral form in Equation to the weak form can
be achieved through integration by parts.

2.2.2 Kirchhoff plate theory

The Kirchhoff plate theory, also called the classical plate theory, developed by Kirchhoff in
1850 [10], is the simplest plate model with further assumptions compared to the Mindlin
plate theory. It is additionally assumed that [22]

e A straight line, which is normal to the middle plane in the undeformed state, remains
not only straight but also normal to the middle surface in the deformed state

e The effects due to rotatory inertia are negligible
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2 State-of-the-art mathematical models for structural vibrations

and therefore, the influence of transverse shear deformation is neglected. Since the mem-
brane and bending behaviour is decoupled in the Kirchhoff plate theory under the same
assumptions as for the Mindlin plate theory, only the out-of-plane deformation is consid-
ered in the following derivation (ug = 0 and vy = 0).

The rotations in the Kirchhoff plate theory are given by
ow(z, y, t)

7/%(% Y, t) = O ) (286)
ow(z, y, t
1/1y(37a Y, t) = _,w(:gyy)u (287)

since transverse normals remain straight and normal to the middle plane after deformation.
The displacements are therefore defined by

ow(z, y, t)
t) = —2—"—> 2.88
u(e, 2, 1) = —2 UG, (28%)
ow(z, y, t)
t) = 22—~ 2.89
o,y 2 1) = T (2.59)
w(z, y, z, t) = w(z, y, t) (2.90)
and the linear strain-displacement relations lead to
0w
Epx = —Z 2 Z Ky, €., =0, (2.91)
0%w
Eyy = —2 87342 = 2 Ky, €zr =0, (2.92)
82
- eye = 0. (2.93)

Coy = — 2
Y Oz Oy

The equilibrium of forces and moments for an infinitesimal element are the same as for
the Mindlin plate theory. Rearranging Equations (2.48) and (2.49) and neglecting the
rotatory inertia terms and external moment loading (m, = 0, m, = 0) give

OM,  OM,,
p = iy 2.94
Q or T oy (2.94)
OM,, M,
= ) 2.

Substituting Equations (2.94) and (2.95)) into Equation (2.47)) leads to the governing equa-
tion of the Kirchhoff plate
M,  9*M,
=+ ==t +2
Ox? Oy Ox Oy

with the bending moments M, and M, and the twisting moment M, defined in Equations

(2.36)) — (2.38). The shear forces cannot be calculated from Equations (2.34) and ([2.35)),

since the plate is assumed to be infinitely stiff in transverse shear (e,, = 0, Eyz = 0)

[25]. Substituting Equations (2.91]) — (2.93]) and Equations (2.36]) — (2.38) into the Equation

(2.96)) results in the governing equation of the Kirchhoff plate in terms of the out-of-plane
displacement

9% M, 9w

ViV2w+ o = (2.97)
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2.2 Simplified models for thin structures: Plate theories

If harmonic vibrations at angular frequency w are assumed and the surface load g is absent,
Equation (2.97) can be decomposed into two uncoupled Helmholtz equations

(V24 k2 )wnn (. y) = 0, (2.98)
(V2 = K )wia(e, y) =0, (2.99)

with b2
g =2 D‘*’ (2.100)

the plate bending wavenumber.

Equation is a fourth-order partial differential equation and therefore the Kirchhoff
plate theory requires two boundary conditions at every point of the boundary. As for
the Mindlin plate theory a subdivided plate domain Q = Q@ U Q®) is viewed and the
coordinate systems shown in Figure [2.5]and defined in Section [2.2.1]are used to specify the
boundary and interface conditions. The common boundary conditions for the Kirchhoff
plate theory are [20]:

e Dirichlet boundary conditions (kinematic boundary conditions) with prescribed out-

of-plane displacement w®) and rotation Jff):

o RY = w® — 50 =,
1/’71 - n - 9

n =

with w,(f ) = —(815’—;) ng;l ) + % ng)) = —g;j((ll; . The special case of fixed boundaries

is given by w) = 0 and ES) = 0.

e Neumann boundary conditions (mechanical boundary conditions) with prescribed

bending moment Mﬁf) and generalized shear force fo):

0) O _ 570
= — M, =0
O ERYS n n )
reT! {R(vl ST (2.102)

O]
with V,Sl) = Q,(f) + aaj‘ig‘f a combined boundary condition of shear force and twist-

ing moment and Q,,, M, and M, defined in Equations (2.82))—(2.84). The free
boundary condition is given by MS) =0 and VS) = 0.

e Mixed boundary conditions are a combination of Dirichlet and Neumann boundary
conditions. In the Kirchhoff plate theory only the hard support is applicable:

0 _ (1) _ =)
Ry =w w\ =0,
e FSQ,{RZ) 0 — g (2.103)
M, — n - n — Y-

The special case of simply-supported boundaries is given if W) = 0 and Mg) =0.
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2 State-of-the-art mathematical models for structural vibrations

In the Kirchhoff plate theory, corner forces can appear at discontinuities of the boundary,
e.g. polygonal plates, which need to be considered in the boundary conditions. A detailed
description of the corner forces and of more complicated plate loadings, e.g. moment load-
ing, can be found in e.g. [3I]. The corner forces and moment loadings are not considered
in this work.

At the common interface I'(® ) the continuity of the displacement and rotation and the
force and moment equilibrium across the interface

RB) — (@) — py(B) = 0,
R A (@) (8)
r e DA g’ =Yn Fin =
P — v — M = o,
R(a B) _ V;SOC) 4 VTE/B) — 0,

(2.104)

have to be fulfilled.

An integral form of the Kirchhoff plate problem can be derived by extending the sub-region
three-field generalized mixed variational principle for thin plates, shown in [32] and [26]
for the static plate deformation, to the dynamic case. The final result is given by

77(0)
sL=0=[ z f’U MO |ox® 4 [ QY- 0 ) 550
to z ’ ali() Y

)

QW

O] 2,.(1) 2,,(1)
ou,, l l y , Ow ! y , 0w l
+(W_QM;;)5@;_<H;>+ i )my_ o)+ 2T Yo
Yy

! I !
o 4 T s o | ou ) oPul)
Oz Oy Ox? oy? Oz Oy

—phi® | sw® - O — sy O 0 — W) 5 ®
phw >5w )dxdy /qurg(w w )(5Vn ds + rf,”(V” Vi )(5w ds

dw®) o 95w®
() () _ )L
+/r§}><8 ) MPds /g>ur5}g(M” M) Sy ds

+ /F - ((M}ﬁ) - M) % + (V) + V) swl)

ow@  guw®
A FIVAC) @ _ @\ 18
+<an<a>+anw> 0M; +(w w )5Vn ds | dt, (2.105)

which is equivalent to all field equations and boundary conditions of the Kirchhoff plate
theory excluding the effects due to concentrated corner forces. In [26] and [32] corner
forces are considered in the variational principle for the static problem and it is straight
forward to include them in Equation . The derivation of Equation is shown
in Appendix [C] Integration by parts of the strong integral form in Equation leads
to a weak form suitable for certain numerical methods.
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2.2 Simplified models for thin structures: Plate theories

2.2.3 Higher order plate theories

Mindlin’s first order shear deformation theory is in general sufficient to analyze the vi-
brations of isotropic moderately thick plates if appropriate shear correction factors are
applied [33]. The vibration analysis of highly orthotropic or composite plates may require
higher order shear deformation theories instead of the Mindlin plate theory to yield accu-
rate results [33]. A great review of higher order plate theories can be found in [33] and
[34] and a short overview is given in this section.

The first straight forward extension of the Mindlin plate theory is the second order shear
deformation theory, where the displacement field

v(z, Y, 2, t) = volx, y, t) + 20y (x, y, t) + 22y, y, 1), (2.107)
w(z, y, z, t) = wo(z, y, t) + 2¢.(z, y, t) + 22 0.(2, y, t), (2.108)

is assumed [34]. Introducing the rotations ¢, (x, y, t) and . (z, y, t) leads to the inclusion
of the effect of transverse normal strain, while the case of inextensible transverse normals
is given by v, (z, y, t) = 0 and ¢,(x, y, t) = 0 [35]. Essenburg showed that the effect of
transverse normal strain is especially significant if surface displacements are prescribed
[36]. The introduction of second order terms in the displacements leads to additional un-
knowns, which are difficult to interpret in physical terms [35]. Furthermore, the inclusion
of second order terms in the in-plane displacements hardly improves the obtained results
[37]. The second order shear deformation theory is used for example, in [38] for the ana-
lysis of the static deformation of infinite plates resting on an elastic half space, in [39] to
investigate the dynamic response of fiber reinforced composite plates and in [40] to model
the static and dynamic behaviour of laminated orthotropic plates.

The general displacement field of a third order shear deformation theory is given by [34]

U(:C> y7 Za t) = UO(xv y: t) + Zwy(% ?J’ t) + ZZ pr(xa ya t) + Z3 Cy(% y7 t)v (2110)
wo(z, y, t) + 2. (x, y, t) + 2 @2(, y, 1), (2.111)

w(z, y, 2, t)

which allows for the inclusion of cross sectional warping and effects due to transverse
normal strain. A third order plate theory using all components given in Equation -
is developed in [41] and validated for an infinite homogenous plate subjected to a
static sinusoidal pressure, while in [42] only the out-of-plane effects are considered (uy = 0,
vo =0, vz =0, p, = 0 and 9, = 0) to investigate the static deformation of isotropic
rectangular plates.

Another class of third order plate theories is build upon the classical plate theory and
satisfies the requirement of shear stress free boundary conditions at the top and bottom
surface of the plate [34]. Therefore, shear correction factors are avoided, which is the
main advantage of these theories. An overview of this class of third order theories is given
in [43] and [9]. The most popular third order plate theory, the Reddy plate theory [27],
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2 State-of-the-art mathematical models for structural vibrations

considers the displacement field

423 3, t
u(xv Y, %, t) = UQ<$, Y, t) + Z?/Jm(it, Y, t) - 22(¢m(xv Y, t) + W)? (2'112)
3h ox
3 o) t
v(w, y, 2, 1) = vo(x, Y, t) + 29y(, y, t) — 3722 (%(:v, y, t) + um(;yy)) (2.113)
QU(ZE, Y, z, t) = ’UJO(ZL‘, Y, t)a (2114)

which satisfies the stress free boundary conditions at z = +h/2 of the plate and neglects
the effects due to transverse normal strain. Applications of the Reddy plate theory for
isotropic and laminated composite plates can be found in e.g [9] and [44].

In [9] it is stated that the development of even higher order theories has not been at-
tempted due to the growing algebraic complexity and computational effort and since only
a marginal gain in accuracy is expected. For an extensive overview of plate theories, espe-
cially trigonometric shear deformation theories and stress based plate theories, the reader
is referred to [34].

2.3 Useful ranges of validity for the Kirchhoff and Mindlin plate
theory

The assumptions used in the Kirchhoff and Mindlin plate theory are only valid if certain
geometrical and frequency limits are not exceeded. In general, it is stated that the Kirch-
hoff plate theory is only valid for thin plates and low frequencies, while the Mindlin plate
theory is applicable to moderately thick plates and higher frequencies.

There is no precise definition of a thin or a moderately thick plate in the literature. In
[22, 45, [46] a plate is considered to be thin if the ratio of the plate thickness h to the lesser
of the other two dimensions is smaller than 1/20, while [47, 48] requires a ratio of less
than 1/10 and [9] a ratio of less than 1/30. A moderately thick plate is defined in [46, /48]
as a plate with a ratio of thickness to the lateral dimension smaller than 1/5, while [49]
considers an upper limit of 3/20.

The frequency limit of both theories is given in the literature either by the ratio of the
occurring bending wavelength A to the plate thickness h or by the ratio of the angular
frequency w to the angular frequency of the lowest, simple thickness-shear mode in a plate

_ T

ws = \/% . Many different frequency limits for the Kirchhoff plate theory can be found
in the literature. In [5] the limit is defined by A\/h > 6 (w/ws < 0.17), while in [23] and
[50] the limit A/h > 7.85 (w/ws < 0.1) is given. A stricter limit is stated in [51] and
[52] where the ratio A\/h > 20 (w/ws < 0.015) is considered. Finally, in [II] the range
Ah > 5..10 (w/ws < 0.24...0.06) limits the validity of the Kirchhoff plate theory. The
limits for the Mindlin plate theory also differ in the literature. In [50], the limit A/h > 2
(w/ws < 0.77) is stated, while in [23] a ratio \/h > 2.8 (w/ws < 0.5) is considered. The
very strict limit A/h > 10 (w/ws < 0.06) is given in [52], while in [51] the looser limit
Ah>1 (w/ws < 1.76) is defined.

Since the ranges of validity for both plate models are very different in the literature, the
stated limits are reviewed in the following sections. Therefore, the free vibrations of an
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2.3 Useful ranges of validity for the Kirchhoff and Mindlin plate theory

infinite plate are examined with both plate theories and the analytical results are compared
to the exact elasticity solution. This approach is also used in [23] and [50] to define the
frequency limits of the plate theories.

To investigate the influence of the plate boundary conditions, the free vibration solutions
of simple plate geometries, e.g. rectangular plates, circular plates and sector plates, with
different boundary conditions are calculated with the Kirchhoff and Mindlin plate theory
and compared to each other. Exact elasticity solutions for free plate vibrations are only
available in the literature for the simply-supported rectangular plate [53] and therefore
highly accurate finite element models are used to calculate the eigenfrequencies of all
other plate configurations.

2.3.1 Free vibrations of an infinite plate

Even though an infinite plate is not feasible in a real life application, Mindlin showed in
[54] that a simplified plate model only leads to accurate results for finite plates if the plate
theory is able to accurately predict the frequency spectrum of an infinite plate.

The exact elasticity solution of the free vibrations of a plate with traction-free surfaces in a
state of plane strain is due to Rayleigh [55] and Lamb [56] and leads to an infinite number
of frequency branches. The Kirchhoff plate theory can only predict the lowest asymmetric
frequency branch, which corresponds to (bending dominant) flexural deformation, while
the Mindlin plate theory gives the first three asymmetric frequency branches, which leads
to a bending dominant flexural, shear dominant flexural and thickness-twist deformation
[28, 57].

The solutions for the free vibration of an infinite plate in a state of plane strain (inde-
pendency of the y-coordinate) can be found in several textbooks, e.g. [23] and [50]. The
analytical solution for the Kirchhoff plate theory is given in explicit form by

wr _ (€Eh)? 2
ws 27 \3(1—vw) (2.115)

with wy the angular frequency defined by the Kirchhoff plate theory, ws = 7 \/g the an-

gular frequency of the lowest, simple thickness-shear mode in a plate and £ the wavenum-
ber along the z-direction. The explicit solutions for the three frequency branches of the

Mindlin plate theory are

Wmp 1 ,  2k*(Eh)*
_1 . _ IR UL 2.116
w " a\7T VY P (2.116)
m 1 2k2(£h)4
Wmpp _ L | [ 2R2(EDT (2.117)
Ws s 1—v
w 1
ms— = h)2 + 12 k2 2.11
o= lEn i (2.118)
with ( )2
£h <2 2 >
=6k>+ > (K2 = 2.11
g=6k"+ 5 +1 (2.119)
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2 State-of-the-art mathematical models for structural vibrations

and wy,r1 the angular frequency of the bending dominant flexural vibration, wy, 2 the
angular frequency of the shear dominant flexural vibration and w;,s the angular frequency
for the thickness-twist vibration. In general, the solutions for the exact elasticity theory
cannot be given in explicit form. The asymmetric frequency branches are defined by the
solutions of the transcendental equation

4 sin<§> cos((;) (€h)?ap + cos(i) sm( ) ((fh) —-p )2 =0, (2.120)

with

_ 1—-2v fw3p 2
am m)(%) - (@, (2121

B = \/ "“”D —(£h)2 (2.122)

and wsp the asymmetric frequency branches of the plate using the three-dimensional
elasticity theory. The exact solution corresponding to the thickness-twist vibration of the
Mindlin plate theory is given by

.1
3D = —\/m 4+ ()2, (2.123)

Ws

with wsps the frequency branch of the first asymmetric thickness-shear vibration calculated
with the elasticity theory.

3 \ T
— Wk :,:'H L
_Wmfl (kM) :;;;' '—“—__—
2.5 |-~ Wmy2 (kar) IPEEM 2
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Figure 2.7: Frequency spectrum of an infinite isotropic plate (v = 0.3)
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2.3 Useful ranges of validity for the Kirchhoff and Mindlin plate theory

The solutions for the Kirchhoff plate theory (Equation (2.115))), the Mindlin plate theory
(Equations f) and the exact three-dimensional model (Equations
and ) are illustrated in Figure for the Poisson’s ratio v = 0.3. For the Mindlin
plate theory the shear correction factors k2, = 7{—; (Mindlin [I1]) and k3, = % (Wittrick
[58]) are used.

It is apparent from Figure that the Kirchhoff plate theory is only valid for small values
of £h, while the Mindlin plate theory agrees very well with the exact elasticity solution
for the shown range. The shear correction factor kyy leads to a better result for the first
asymmetric frequency branch (bending dominated flexure), but is less accurate for the
shear dominant flexural and thickness-twist vibrations compared to the shear correction
factor kps. By comparing Equations and it is apparent that the Mindlin
plate theory becomes exact for the thickness-twist vibrations if the shear correction factor
ks is used. Therefore, the lines of the two frequency branches cannot be distinguished in

Figure

To assess the validity of the plate theories, the relative error for bending dominant flexural
vibrations

H{wr, wmfl} - w3Df1\

W3Df1

is defined. In Table the limits for the frequency ratio wy,f1/ws and the ratio A\/h =
27/(€h) to reach a relative error of 1%, 2%, 5% and 10% are given. The Poisson’s ratio
is set to v = 0.3 and the shear correction factor ky, is used to calculate wy,r1 in Table
The maximum relative error of the Mindlin plate theory using the shear correction
factor kyy is less than 0.5% for w/ws < 1, whereas the shear correction factor kps leads to
a maximum relative error of 3.2% for w/w, < 1.

e =100

(2.124)

Table 2.1: Relative error €41 of the Kirchhoff and Mindlin plate theory (v = 0.3)
1% 2% 5% 10%

Wmf1
Ws

Wm f1
Ws

Kirchhoff 0.0087 | 26.35 || 0.0175 | 18.55 || 0.0435 | 11.58 || 0.0865 | 8.028
Mindlin kps | 0.2208 | 4.693 || 0.5864 | 2.458 —— - - -

Wm f1
Ws

Wm f1
Ws

>
>
>

Mindlin ky —— —— - - S — — _

As it is shown in the next section, in general, the shear dominant flexural and thickness-
twist vibrations occur at rather high frequencies compared to the bending dominant flex-
ural vibrations. Angular frequencies higher than wg are not considered in this work and
therefore the validity of the Mindlin plate theory is not examined for w/ws > 1.

Comparing the results in Table to the limits stated in the literature shows that nearly
all recommendations allow for an error greater than 10% in case of the Kirchhoff plate
theory. Only the strictest rule defined in [5I] and [52] leads to an error between 1%
and 2% for an infinite plate. Depending on the used shear correction factor, the rules
applied for the Mindlin plate lead to an error of approximately 1.8%—2.4% (kjs) and
0.2%—-0.3% (kw). The strictest rule for the Mindlin plate theory results in a negligible
error. Applying the looser limit from [5I] would lead to w/ws < 1.76, where not only
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2 State-of-the-art mathematical models for structural vibrations

the first asymmetric frequency branch, but also the higher frequency branches need to be
accurately represented. According to [50] the Mindlin plate theory is limited to w/w, < 1.2,
since the next higher thickness-modes cannot be approximated by the theory.

2.3.2 Influence of boundary conditions and other effects

In the previous section, the errors introduced by the approximate plate theories in case
of an infinite plate have been shown. If the plate has finite dimensions and the simplified
plate models are used to calculate the eigenfrequencies, the applied boundary conditions
introduce additional errors. To examine the ability of the plate theories to accurately
approximate the exact elasticity solution, several simple plate geometries, e.g. rectangular
plates, circular plates and sector plates, with different combinations of classical boundary
conditions are investigated.

An exact elasticity solution is only available in the literature for the hard simply-supported
rectangular plate [53, B9, [60]. Solutions for rectangular plates with other combinations
of boundary conditions are only feasible through approximate numerical methods. Malik
and Bert [61] and Liew and Teo [62] used the differential quadrature method to calculate
eigenfrequencies of rectangular plates with different boundary conditions, while Liew and
his co-workers [63] applied the Ritz method to numerically solve the problem.

Exact solutions for the free vibrations of rectangular Mindlin plates are only available
if two opposite sides are simply-supported (Levy-type plates), while the other two sides
can have arbitrary combinations of boundary conditions. Mindlin [57] investigated the
free vibrations of simply-supported rectangular plates, while Hashemi and Arsanjani [64]
developed the analytical solutions for all possible combinations of Levy-type plates. All
other combinations of boundary conditions have to be solved with numerical methods,
e.g. [65] and [66].

The situation for the results of rectangular Kirchhoff plates is similar to that of rectangu-
lar Mindlin plates. Analytical solutions are only available for Levy-type plates, which are
presented by Leissa [67]. Leissa [67] also used the Ritz method to calculate the eigenfre-
quencies for all other possible combinations of classical boundary conditions.

Since no analytical solutions for circular plates using the exact elasticity theory are avail-
able, Liew and Yang [68] used the Ritz method with a set of orthogonal polynomials to
calculate the eigenfrequencies for all classical boundary conditions, while Zhou and his
co-workers [69] applied the Chebyshev-Ritz method to find the eigenfrequencies. The an-
alytical solutions for circular Mindlin plates are given by Irie et al. [70] and for circular
Kirchhoff plates by Leissa [71] for all classical boundary conditions.

Even though several numerical solutions for annular sector plates with different combi-
nations of boundary conditions using the exact elasticity theory exist in the literature,
e.g. [72] and [73], no solutions can be found for sector plates. Exact analytical solutions
for sector plates having simply-supported radial edges and arbitrary boundary conditions
at the circular edge are reported by Huang and McGee [74] for the Mindlin plate theory
and by Huang et al. [75] for the Kirchhoff plate theory. If other boundary conditions
are applied at the radial edges, numerical methods have to be used in order to get the
free vibration results for the sector plate. Wang and Wang [76] developed the differential
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quadrature method for the free vibration analysis of sectorial Kirchhoff plates with various
combinations of boundary conditions, while McGee and his co-workers [77] and McGee
et al. [78] applied the classical Ritz method to calculate the eigenfrequencies. Numerical
results for sectorial Mindlin plates are given by Liu and Liew [79] applying the differential
quadrature method and by Huang et al. [80] who employed the classical Ritz method.

To investigate the influence of boundary conditions on the validity of the plate theories, all
previously mentioned analytical solutions for the free vibrations of plates are implemented
in MATLAB® R2017b and eleven rectangular plates, three circular plates and twelve
sector plates with different lateral dimensions and boundary conditions are analyzed. The
thickness of the Kirchhoff and Mindlin plate configurations is varied from very thin plates
to moderately thick plates in 230 steps. The first 100 asymmetric bending dominant
flexural modes are calculated and therefore not only the low frequency range but also the
so-called mid frequency range is considered in the analysis.

Since an exact elasticity solution is only available for the simply-supported rectangu-
lar plate, the commercial Finite Element software ANSYS® 17.1 is used to build three-
dimensional FEM models of all other plate configurations with two different thicknesses.
The quadratic 20-node hexahedral element SOLID186 is applied to calculate the eigenfre-
quencies of the plate configurations and at least six quadric elements in thickness direction
are used to avoid shear locking effects [81]. According to [82] at least six linear or three
quadric elements per wavelength are required to successfully control the approximation
error of the FEM, while for higher frequencies the pollution error becomes significant and
a higher number of elements should be applied [83, 84]. To ensure accurate results at least
15 quadric elements per wavelength in lateral direction are used in the FEM simulations.

It is expected that the Mindlin plate theory using the shear correction factor kyy leads to
highly accurate results within the validity region of the Kirchhoff plate theory, since the
ratio of w/ws is very small. Therefore, with exception of the simply-supported rectangular
plate, the Mindlin plate theory using kyy serves as reference solution for the Kirchhoff
plate theory. For the Mindlin plate theory, the three-dimensional FEM models are used
as reference solutions.

To assess the validity of the plate models and the influence of the boundary conditions,
the additional error €,4, caused by the boundary conditions, is defined by

€ad = ’fftot - 86]2p|7 (2125)
with

Etot = 100 - Wk — Wmf1 (Kirchhoff) and &4 = 100 - Wmf1 — ©3D (

Mindlin)  (2.126)
Wmfl w3D

the total relative error compared to the reference solution and

Eeap = 100 - w’fwiwmﬂ (Kirchhoff) and eegp = 100 - mfiji‘o’ (Mindlin)  (2.127)
mfl 3D

the expected relative error, which results from the infinite plate solution. The angular
eigenfrequencies wznf (Kirchhoff) and w;ﬁl (Mindlin) are calculated using the frequency

equations of the infinite plate (Equation (2.115)) for Kirchhoff and Equation (2.116|) for
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Mindlin) and the wavenumber of the reference solution &.er = {{mys1, €3p}, calculated by
substituting the reference solution wy.y = {wm f1, W3 p} into the corresponding frequency
equations of the infinite plate (Equation for Mindlin as reference and Equation
for the 3D solution as reference).

Rectangular plate configurations

The dimensions and boundary conditions of the rectangular plate configurations are shown
in Figure [2.8l The lateral dimensions of the plate in x- and y-direction are denoted by
a and b. The boundaries 1 (z = 0) and 3 (x = a) are simply-supported for all plate
configurations, while the boundaries 2 (y = 0) and 4 (y = b) are either simply-supported
(S), clamped (C) or free (F). Four different combinations of boundary conditions, SSSS,
SCSC, SCSF and SFSF are examined.

Ya a
S,C, F
4 A
S| 31S |b
2 -
S,C,F z

Figure 2.8: Dimensions and boundary conditions of the rectangular plate configurations

The angular frequency ratios {wsp, wWmf1, Wi }/ws only depend on the ratios a/b and a/h
and the Poisson’s ratio v of the plate, which is set to v = 0.3 for the following analysis.
Three different ratios of the lateral dimensions a/b = {0.66, 1, 1.5} are used to investigate
the influence of the boundary conditions. The analytical solutions of the Kirchhoff plate
[67] and the Mindlin plate [64] are evaluated for 230 different ratios of the smallest lateral
dimension of the plate a or b to the plate thickness h, varying from very thin plates
({a, b} /h = 500) to moderately thick plates ({a, b}/h = 10).

Since the evaluation of the 3D FEM models is very time consuming, the eigenfrequencies
of the plates are only calculated for two different plate thicknesses {a, b}/h = {10,20}. In
Table the total number of elements, the degrees of freedom, the number of elements in
plate thickness direction and the minimum number of elements per wavelength A in lateral
dimension are listed for the different FEM models. The same FEM mesh is applied for all
combinations of boundary conditions.

In the case of the simply-supported plate, the numerical results show that no additional
error is introduced by the boundary condition for the Kirchhoff and Mindlin plate theory
compared to the exact elasticity solution. The total error of the asymmetric bending
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Table 2.2: 3D FEM models for the analysis of the rectangular plate configurations

a/b | a/h(b/h) | # elements | # FE dofs | # z-divisions | # elements/\
0.66 10 129600 1767639 6 25
' 20 518400 7034439 6 49
1 10 86400 1180839 6 20
20 345600 4694439 6 40
15 10 129600 1767639 6 24
' 20 518400 7034439 6 49

modes of simply-supported rectangular Kirchhoff and Mindlin plates is equivalent to the
error occurring in an infinite plate. Straight simply-supported boundary conditions do not
introduce additional errors, since no coupling between the different frequency branches
occurs at the boundary [57] and boundary layers are not present [85].

The total and expected errors of the Mindlin plate theory for other combinations of bound-
ary conditions are shown in Figures [2.9-[2.11] The shear correction factor ky is applied.
The total errors of the first 100 asymmetric bending dominant flexural modes are plotted
and marked by red crosses. Bending modes with a similar nodal pattern are connected
by a solid red line and the assigned values define the number of maxima (minima) of the
corresponding mode shapes in y-direction. The number of maxima (minima) of the mode
shapes in z-direction rises with increasing frequency. The expected error resulting from
the infinite plate solution is plotted by a solid black line. Several conclusions are apparent
from the given results:

e For all rectangular plate configurations, the angular eigenfrequencies w do not exceed
the angular frequency of the lowest, simple thickness-shear mode in the plate ws.
Therefore, only asymmetric bending dominant flexural vibration is expected (pure
in-plane modes are not considered in this work) and the ability of the Mindlin plate
theory to model the other frequency branches plays only a minor part, if the first
100 bending modes are calculated and the ratio {a, b}/h > 10.

e Free boundary conditions have a stiffening (positive additional error) and clamped
boundary conditions a softening (negative additional error) effect compared to the
infinite plate solution.

e The additional error introduced by the boundary conditions decreases if the plate
becomes thinner and the ratio of the lateral dimensions a/b has only a minor impact.
The mode shape also influences the additional error.

e The maximum additional error occurs for free boundary conditions, but since a
stiffening of the plate is introduced, the total error is even lower than the error in
the infinite plate for higher frequencies. Clamped boundary conditions lead to the
highest total error for rectangular plates.

e The additional error introduced by the boundary conditions is small and does not
exceed 0.25% for {a, b}/h = 10 and 0.075% for {a, b}/h = 20.

e The Mindlin plate theory leads to excellent results with a maximum total error of
less than 0.6% for the first 100 bending modes and a ratio {a, b}/h = 10.
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The additional error €,4 of the Kirchhoff plate theory with SCSC, SCSF and SFSF bound-
ary conditions depending on the angular frequency ratio wy,fi/ws (z-axis) and the ratio
of the smallest lateral dimension to the plate thickness {a, b}/h (y-axis with logarithmic
scale) is shown in Figures f Vertical dashed lines illustrate the 1%, 2% and 5%
error limits defined from the infinite plate solution in Table The z-axis is limited by an
angular frequency ratio of wy, r1/ws < 0.045, since the expected error of the Kirchhoff plate
theory already exceeds 5%. The first 100 asymmetric bending dominated flexural modes
are shown, which are ordered from top to bottom. The additional error is illustrated by
the colorbar.

From Figures [2.12]-[2.20] the following can be concluded:

e The additional error introduced by the boundary conditions rises, if the plate thick-
ness increases or higher frequencies are viewed. The mode shape also influences the
additional error.

e The introduction of boundary conditions leads to a further stiffening effect compared
to the Mindlin plate theory, since the additional error is always positive. This effect
is more pronounced for clamped boundaries compared to the free boundaries.

e The accurate prediction of the fundamental eigenfrequency (first mode) of SCSC
rectangular plates requires a ratio of the smallest lateral dimension to the plate
thickness of {a, b}/h > 30 (1% total error), {a, b}/h > 20 (2% total error) or
{a, b}/h > 13 (5% total error). These limits depend on the stiffness of the boundary
conditions and therefore are looser for the SFSF rectangular plate, see Figures [2.12
and 2.14 Comparing the Figures 2.12] 2.15] and [2.18] it is apparent that the ratio

of the lateral dimensions a/b has only a minor effect on the limits.

e Highly accurate results are only guaranteed, if the angular frequency limit defined
from the infinite plate solution wy/ws < 0.0087 is fulfilled and a ratio {a, b} /h > 30
is given.

e The first 100 bending modes can only be calculated accurately for very thin plates.
Depending on the desired accuracy the limit ranges from {a, b}/h > 160 (1% total
error), {a, b}/h > 120 (2% total error) to {a, b}/h > 70 (5% total error). These
limits are only slightly changing for the different boundary conditions and lateral
dimensions of the rectangular plate.

e Since the frequency limit of the Kirchhoff plate theory requires very thin plates
to predict the first 100 eigenfrequencies, the additional error, introduced by the
boundary conditions, is in general negligible for higher order modes.

e Aslong as the frequency limit, defined from the infinite plate solution, for the Kirch-
hoff plate theory is fulfilled and the ratio of the smallest lateral dimension to the plate
thickness {a, b}/h > 30, the additional error introduced by the boundary conditions
can be neglected for all modes (e,9 < 1% at wy,p1/ws = 0.045).

The Kirchhoff plate theory only models asymmetric bending dominant flexural modes
and therefore an additional error is introduced by the boundary conditions if a coupling
of different mode types occurs at the boundary [57]. Such a coupling is only absent for
straight simply-supported boundaries. Furthermore, the Kirchhoff plate theory is not able
to model boundary layers, which are present in the elasticity theory [85].
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2.3 Useful ranges of validity for the Kirchhoff and Mindlin plate theory

Circular plate configurations

The dimensions and boundary conditions of the circular plate configurations are illus-
trated in Figure The radius of the circular plate is denoted by R and the boundary
of the plate is either simply-supported, clamped or free. The angular frequency ratios
{wsp, wm 11 w } /ws for circular plates only depend on the ratio of the characteristic lat-
eral dimension to the plate thickness (2R/h) and the Poisson’s ratio v.

yAS
;Op

R

&Y

Figure 2.21: Dimensions and boundary conditions of the circular plate configurations

The analytical solutions for circular Kirchhoff [71] and Mindlin plates [70] are used to
analyze the eigenfrequencies of the plates for 230 different thicknesses, ranging from
2R/h = 500 (thin plate) to 2R/h = 10 (moderately thick plate) and the Poisson’s ra-
tio v = 0.3 is applied.

In total six different 3D FEM models are solved for the analysis of the circular plate
configurations with two different ratios 2R/h = {10, 20}. The FEM model properties are
listed in Table and are identical for all three boundary conditions.

Table 2.3: 3D FEM models for the analysis of the circular plate configurations
2R/h | # elements | # FE dofs | # z-divisions | # elements/\
10 256000 3372531 8 15
20 256000 3372531 8 15

The total and expected errors of the circular Mindlin plates are shown in Figure
Similar to the rectangular plate results, the total errors of the asymmetric bending dom-
inant flexural modes are plotted and marked by red crosses and bending modes with a
similar nodal pattern are connected by a solid red line. The assigned values define the
number of nodal lines (lines of zero displacement) in circumferential direction.

The number of nodal lines in radial direction generally rises with increasing frequency.
The only exception is the fundamental mode (mode with the lowest frequency) of the
free circular plate, which has two nodal lines in radial direction and zero nodal lines in
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circumferential direction. The expected error resulting from the infinite plate solution is
plotted by a solid black line.

In case of the moderately thick plates (2R/h = 10) with clamped and simply-supported
boundary conditions (Figures [2.22af and [2.22¢|) only the first 82 modes are plotted, since
the modes 83 to 100 exceed the angular frequency ratio wsp/ws = 1 (w3p/ws ~ 1.1 for
the 100t mode) and therefore shear dominant modes appear. The first 100 asymmetric
bending modes are shown for all other circular plate configurations.

The findings for the circular and rectangular plates are similar. A view additional conclu-
sions are:

e For curved boundaries, the simply-supported boundary conditions introduce an ad-
ditional error, since a coupling between the different mode types occurs at the bound-
ary and a boundary layer is present [85].

e If no circumferential nodal lines are present in the mode shape, the additional error
in case of completely free boundary conditions is most pronounced.

e The Mindlin plate theory is able to predict the first 100 eigenfrequencies very ac-
curately independent of the boundary conditions if the ratio of the characteristic
length to the plate thickness 2R/h < 10.

The additional error €44 of the Kirchhoff plate theory with clamped, simply-supported and
free boundary conditions is illustrated in Figures 2.23]-2.25] The y-axis has a logarithmic
scale and shows the ratio of the characteristic length to the plate thickness 2R/h. The
vertical dashed lines indicate the 1%, 2% and 5% error limits defined from the infinite plate
solution. Similar to the rectangular plate, the first 100 asymmetric bending dominated
flexural modes are shown, which are ordered from top to bottom. Due to the symmetry
of the circular plates several double modes appear in the analysis.

The findings for the circular and rectangular Kirchhoff plate are very similar. The ad-
ditional error for the simply-supported circular plate, shown in Figure is less than
0.25% but not 0% as for the rectangular plate, since simply-supported boundary conditions
lead to boundary layers if the boundary is curved.

Since the clamped circular plate is stiffer than the SCSC rectangular plate, the limit for
the ratio of the smallest characteristic length 2R to the plate thickness h to accurately
predict the first 100 modes is even stricter. Depending on the desired accuracy a ratio
2R/h = 185 (1% total error), 2R/h = 125 (2% total error) and 2R/h = 75 (5% total

error) is required.

A limit for the ratio 2R/h > 30 is sufficient to ensure accurate results if the frequency limit
defined by the infinite plate solutions is not exceeded. Even though the additional error
introduced by the boundary conditions is higher for the clamped circular plate compared
to the SCSC rectangular plate, the additional error is still negligible (¢ ~ 1% at wp, 1 /ws =
0.04).

An accurate prediction of the fundamental mode for the clamped circular plate requires a
ratio 2R/h = 33 (1% total error), 2R/h = 23 (2% total error) and 2R/h = 15 (5% total
error), which is slightly higher compared to the SCSC rectangular plate.
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Sector plate configurations

In Figure the dimensions and boundary conditions of the sector plate configurations
are illustrated. The radius of the plate is denoted by R and the sector angle by «a.
The radial edges 1 and 3 are always simply-supported, while the circumferential edge
2 is either simply-supported (S), clamped (C) or free (F). The angular frequency ratios
{wsp, Wmfi, wi}/ws for sector plates only depend on the sector angle a, the ratio of the
plate radius R to the plate thickness h and the Poisson’s ratio v, which is set to v = 0.3.

Y\

Figure 2.26: Dimensions and boundary conditions of the sector plate configurations

Four different sector angles o = {30°, 165°, 195°, 330°} with three different combinations
of boundary conditions SSS, SCS and SFS are investigated. The smallest characteristic
lateral dimension of the plate, denoted by R*, depends on the chosen sector angle a and
is given by R* = R sin(a) (a = 30°), R* = R (v = 165°), R* = R (1 — sin(a)) (o = 195°)
and R* = 2R (o = 330°). The analytical solutions for sectorial Kirchhoff [75] and Mindlin
plates [74] are evaluated for 230 different thicknesses, ranging from R*/h = 500 (thin
plate) to R*/h = 10 (moderately thick plate).

The 3D elasticity results are calculated for two different thicknesses R* /h = {10, 20} using
the FEM models listed in Table The meshing for the SFS sector plates differs from
the FEM meshes of the SSS and SCS sector plates, since a higher number of elements
per wavelength in lateral dimension have been required for the SFS sector plates to get
accurate results.

If the radial edges are simply-supported and the sector angle o exceeds 180°, stress singu-
larities can arise at the corner (r = 0) [75} [74] and affect the solutions of the Kirchhoff and
Mindlin plate theory. The strength of the singularity increases with rising sector angle
and therefore weak (o = 195°) and strong singularities (o« = 330°) are expected.

The total and expected errors of the Mindlin plate theory for the three different boundary
conditions are shown in Figures 2.27-2.30] The total errors of the bending modes are
marked by red crosses and bending modes with a similar nodal pattern are connected
by a solid red line. The assigned values define the number of nodal lines (lines of zero
displacement) in circumferential direction. The number of nodal lines in radial direction
rises with increasing frequency. The solid black line illustrates the expected errors.

In case of the moderately thick plates (R*/h = 10) with a sector angle o = 330° (Fig-
ures [2.30a} [2.30c| and [2.30€)) only the first 73 (clamped), 74 (simply-supported) and 99
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Table 2.4: 3D FEM models for the analysis of the sector plate configurations

a | R*/h BC # elements | # FE dofs | # z-divisions | # elements/A

10 SCS, SSS 259200 3520839 6 20

300 SFS 236016 3129039 8 28
20 SCS, SSS 405000 5494539 6 25

SFS 236016 3129039 8 28

10 SCS, SSS 375000 4951176 8 18

165° SFS 300396 3863526 12 23
20 SCS, SSS 375000 4951176 8 17

SFS 300396 3863526 12 23

10 SCS, SSS 257470 3352146 10 26

195° SFS 397431 5200764 9 36
20 SCS, SSS 397736 5252706 8 34

SFS 393484 5257914 7 41

10 SCS, SSS 325704 4195893 12 28

330° SFS 424134 5554950 9 41
20 SCS, SSS 393147 5150553 9 33

SFS 403137 5391060 7 44

(free) modes are plotted, since the higher order modes exceed the angular frequency ratio
wsp/ws = 1. The first 100 bending modes are shown for all other configurations. The
sector plate with a = 30° (Figure leads to similar findings as the rectangular and
circular plate. Especially the additional error €,4 for the SSS plate is close to zero, since
two straight boundaries and only one slightly curved boundary are present.

Comparing the results in Figure (a = 30°) and Figure (a = 165°), it is apparent
that a difference in the additional error only occurs for mode shapes without nodal lines
in radial direction. Especially for a free circumferential edge (SFS), the mode with zero
radial and circumferential nodal lines leads to a high total error (25% for R/h = 10 and
23% for R/h = 20). Similar results are found in [86] for annular Kirchhoff plates with a
clamped inner boundary. A further investigation of the higher errors, appearing for mode
shapes without nodal lines in radial direction is not carried out in this work.

To investigate the influence of corner stress singularities on the Mindlin plate, the results
for the sector plate with a = 165° (Figure and a = 195° (Figure are compared.
Stress singularities only occur for mode shapes without nodal lines in radial direction [74].
Even though a higher additional error is apparent in Figure for modes with zero nodal
lines in radial direction, the error cannot be attributed to the stress singularities, since a
similar error is found for the sector plate with o = 165°. Therefore, the Mindlin plate
theory is capable of accurately representing the singularities in the corner.

The additional and total error for the sector plate with o = 330° (stronger stress singu-
larities) are similar compared to the previous examples. The additional errors for modes
with zero or one nodal line(s) in radial direction are higher. The higher error for modes
with one radial nodal line is due to the fact that the modes with one radial nodal line are
equivalent to the vibrations of a sector plate with o = 165° and zero radial nodal lines.
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Figure 2.27: Expected and actual total error of a sectorial Mindlin plate (a = 30°)
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Figure 2.30: Expected and actual total error of a sectorial Mindlin plate (o = 330°)
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2.3 Useful ranges of validity for the Kirchhoff and Mindlin plate theory

The additional error £,4 of the Kirchhoff plate for the three different combinations of
boundary conditions SCS, SSS and SFS are illustrated in Figures 2.31-2.42] The y-
axis has a logarithmic scale and shows the ratio of the characteristic length to the plate
thickness R*/h. The 1%, 2% and 5% error limits defined from the infinite plate solution are
plotted with vertical dashed lines. The first 100 asymmetric bending dominated flexural
modes are shown, which are ordered from top to bottom.

The results of the sector plates with o = 30° in Figures 2.31]-[2.33] and with o = 165° in
Figures [2.34]-[2.36] lead to similar findings as the results of the rectangular and circular
plates, since no stress singularities are present for these plate configurations. The addi-
tional errors are low, since the two straight radial boundaries are simply-supported and
only the circumferential boundary introduces additional errors.

The colorbars illustrating the additional error in Figures [2.37-2.42] (a = {195°, 330°})
are limited by 3%, since the additional errors for modes with stress singularities are rather
high.

According to [75], the Kirchhoff plate theory only includes moment singularities at the
corner r = 0. The occurring shear force singularities are not modelled by the Kirchhoff
plate theory, since the influence of shear deformation is neglected.

Stress singularities only occur, if the mode shape has no radial nodal lines. For a = 195°
eight such modes are present within the first 100 modes, while for o = 330° only six modes
have stress singularities.

It is apparent from Figures [2.37]-[2.42] that the stress singularities lead to a larger addi-
tional error compared to the Mindlin plate theory, while the additional errors for modes
without stress singularities are in the expected limits. The additional errors of the first
eigenfrequency for very thin plates (R*/h = 100) are €44 =~ 3.5% (o = 195°) and 44 ~ 4%
(e = 330°) in case of the SCS sector plate. While the additional error hardly depends on
the ratio R*/h for sector plates with a sector angle v = 195° (g, = 4% at R*/h = 30), a
significant increase in the additional error is noted for a sector angle o = 330° (£,4 =~ 10%

at R*/h = 30).

The higher additional error for o = 330° compared to a = 195° is expected, since the
stress singularity increases with rising «. The influence of the stress singularity on the
additional error slightly decreases with a higher number of nodal lines in circumferential
direction. The additional error of the highest mode with stress singularities for a ratio
R*/h = 100 is given by €40 =~ 1% (a0 = 195°) and €49 =~ 3% (a = 330°) for the SCS
plate.

If discontinuities at a plate boundary are present, e.g. corners in polygonal plates, and
shear force singularities are expected, the Kirchhoff plate theory is in general not able to
predict accurate results for all modes having shear force singularities, even for very thin
plates and low frequencies.

Since an analytical solution for free vibrations of sectorial Kirchhoff plates is only available
for simply-supported radial edges, the analytical static solution for all different combina-
tions of boundary conditions derived in [87], can be used to estimate if a shear force
singularity occurs.
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Figure 2.36: Additional error of a SF'S sectorial Kirchhoff plate (o = 165°)
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2 State-of-the-art mathematical models for structural vibrations

2.3.3 Further error sources and final remarks on the plate model validity

In the previous two sections the validity of the Kirchhoff and Mindlin plate theory has been
examined by comparing the free vibration solutions for an infinite plate and certain types
of bounded plates to the solutions derived by the elasticity theory. For plates without
complicated effects, the following limits for the Kirchhoff plate theory are proposed:

e The Kirchhoff plate theory is able to predict the angular eigenfrequencies very accu-
rately (= 1% error) if the angular frequency ratio wy/ws < 0.009 (A/h > 25) and the
ratio of the smallest characteristic lateral dimension to the plate thickness is greater
than 30.

e The results of the Kirchhoff plate theory are still acceptable (~ 5% error) if wy /ws <
0.04 (A/h > 12.5) and the ratio of the smallest characteristic lateral dimension to
the plate thickness is greater than 20.

The limit for the ratio of the smallest characteristic lateral dimension to the plate thickness
agrees very well with the stated limits in the literature, while the frequency limits in the
literature allow for a rather high error of approximately 10%.

The Mindlin plate theory predicts the eigenfrequencies highly accurately for the complete
viewed frequency range wy,r1/ws < 1 (A/h > 1.5) if the ratio of the smallest characteristic
lateral dimension to the plate thickness is greater than ten. Due to the given results,
it is recommended to use the shear correction factor kyy introduced by Wittrick, if the
vibrations of moderately thick plates are analyzed. The accuracy of the Mindlin plate
theory for even thicker plates and higher frequencies is not examined in this work. A
general limit for the Mindlin plate theory is given by wy,fi1/ws = 1.2, since, according
o [B0], the next higher thickness-modes appear, which cannot be approximated by the
Mindlin plate theory.

If shear force singularities are present in the plate domain, it is recommended to use the
Mindlin rather than the Kirchhoff plate theory, since the singularity strongly affects the
global response. The Mindlin plate theory is able to model the shear force singularity,
while the Kirchhoff plate theory fails to do so.

For the definition of the validity ranges of the plates theory, only their ability to accurately
predict the eigenfrequency is taken into account. Especially the deviations of the corre-
sponding mode shapes to the mode shapes predicted by the elasticity theory will affect
the general accuracy of the plate theories. The investigation of this aspect is not in the
scope of this work.

The stated limits are only applicable for isotropic plates. Especially highly orthotropic
and composite plates require an accurate representation of the shear deformation. There-
fore, the Kirchhoff plate theory leads to inaccurate results even for thin plates [88] and
appropriate shear correction factors are needed for the Mindlin plate theory [89].
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3 Numerical techniques for the calculation
of steady-state plate vibrations

An analytical solution for the mathematical models described in Section and Section
is only feasible for a very limited number of problems with simple geometries and spe-
cific boundary conditions and source terms. Therefore, approximate numerical methods
have been developed to solve the partial differential equation(s) with arbitrary bound-
ary conditions and loadings in general problem domains. There are several possibilities
to classify the variety of numerical methods [20]. In the following, the numerical meth-
ods applied to solve steady-state structural vibration problems are categorized into three
groups: element based techniques, statistical methods and Trefftz based approaches.

3.1 Element based techniques

In element based techniques, either the whole problem domain (domain methods) or the
boundary of the problem domain (boundary methods) is divided into a large number of
small elements [90]. Locally defined simple shape functions are used to approximate the
field variable(s), e.g. the displacements and rotations. The most popular domain method
is the (conventional) Finite Element Method (FEM) [91],[92], while the Boundary Element
Method (BEM) [93], [94] is a typical boundary method. In the following sections, the
(conventional) FEM for steady-state plate vibrations is reviewed and several extensions
and improvements of the FEM are discussed. The BEM is most effective for problem
domains with a small boundary to volume ratio and especially for unbounded domains
[20] and since only bounded problems are investigated in this work, a review of the BEM
is not included.

3.1.1 Conventional Finite Element Method

The conventional FEM is at present very widely used in practice to solve engineering prob-
lems, especially because the method has been developed extensively over the last 75 years
and is able to tackle real-life applications [92]. Furthermore, many commercial software
packages are available, which simplifies the use of FEM in engineering and science. It needs
to be noted that the term ”conventional” refers to the classical FEM, which uses simple
polynomial shape functions and an unaltered weak form of the mathematical problem.
For steady-state vibration problems, the conventional FEM is practically limited to low
frequencies, since the computational time strongly increases with higher frequencies [95].
This limit is further discussed in a subsequent section and extensions and improvements
of the FEM to overcome this limit are reviewed in Section B.1.21
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3 Numerical techniques for the calculation of steady-state plate vibrations

The procedure to solve a steady-state plate vibration problem with FEM consists in general
of five steps [20, [96]:

e The problem domain is discretized into a large number of non-overlapping elements.

e Within each element, the field variables, e.g. the displacements and rotations, are
approximated by simple polynomial shape functions. The contribution factors (nodal
values) of the polynomial shape functions are the unknowns in the FE model.

e The polynomial shape functions violate the governing equations and certain types of
boundary conditions. Minimizing the resulting residuals in an integral sense leads to
the FE system matrices. The minimization can be achieved either by a variational
principle, a weighted residual approach or a least-square approach.

e The unknown nodal values are obtained by solving a sparse system of linear equa-
tions.

e Through a post-processing step, the primary field variables (displacements and rota-
tions) and derived quantities, e.g. stresses, can be calculated for the whole domain.

In the next section, the general modeling steps for steady-state plate vibrations are de-
scribed for the Kirchhoff and Mindlin plate theory.

FEM model for steady-state structural plate vibrations

The first modelling step is the discretization of the problem domain €2 into n. non-
overlapping elements (2 = Ugilﬁ(e) with Q0 N QU =0,Vi £ j), which are all intercon-
nected by ny. nodes. The number of nodes per element n,(f) generally depends on the di-
mension of the problem, the order of the used polynomial functions within the element and
the applied element type, e.g. triangular or quadrilateral elements. A coarse discretization
of a two-dimensional domain, the so-called FE mesh, with ten quadrilateral elements using
second order polynomial functions (eight nodes per element) is shown in Figure A to-
tal number of n ., = 45 nodes connect the n, = 10 elements. The node numbers associated

Figure 3.1: FE mesh of a 2D domain with ten quadrilateral elements and 45 nodes
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3.1 Element based techniques

with one element are collected in the set S](\?), e.g. S](g) = {14, 15, 17, 22, 23, 24, 25, 26}.
Since second order polynomial functions are applied within the elements, also curved
boundaries can be approximated rather accurately. It is apparent from Figure that a
certain node at position r = r. can be associated with several different elements, e.g. node
9 is related to the elements 2 and 4.

In the following, the sparse system of linear equations, resulting from the FEM approxima-
tion, is derived for the Mindlin and Kirchhoff plate theory. Since the bending behaviour
of plates is of major interest in this work, the FEM models stated below do not include
the membrane behaviour of the plates.

a.) Mindlin plate FEM model

The primary field variables of the Mindlin plate theory are the out-of-plane displacement
w(r) and the rotations 1, (r) and ¥, (r), which are collected in the vector ¥ (r) = [z, ¥,] 7.
Within each element, the primary field variables are approximated by a sum of nEf) poly-

nomial shape functions

w'® (r) ~ ZNISfa)(r) B = N (r) @), acS?, req,
a
(e) 7(e) (e) 7€) (3.1)
Nyo(T) Yza Ny/(r) 0 B X
P () ~ Z[ 12’:) o ] - [ Yz o 1%( | = Nq(f)(T')TP(E)a
@ waa(r) ya 0 qu (T) ye

where Nl(fa) , Néz) and Ng) are the polynomial shape functions for the displacements and

a yQ
rotations, which are gathered in the row vectors N,S)e), N, qg}? and NN, 15}';) The contribution

factors of the shape functions 121((16), 1!39([;3) and %Z) are collected in the column vectors w(®),
34 and 919,

Since the polynomial shape functions are defined within one element, their values are
zero in all other elements. Furthermore, each shape function Né,ea), Nz(pi)a and NT(;)G has
a value of 1 at the node position r = r, and a zero value for all other node pogitions
r = rs. (fe # a). Through these properties of the shape functions, the nodal values are
equivalent to the contribution factors and are equal to the value of the field variables at
r = 7, in the final solution.

The approximate solutions do not fulfill the governing equations and certain boundary
conditions exactly and therefore, a variational principle, a weighted residual approach or
a least-square approach is used to minimize the residuals in an integral sense. In the
conventional FEM, a weighted residual approach is applied and the weighting functions
are expanded in the same locally defined functions as the primary field variables (Galerkin
approach). For many problems, the weighted residual approach becomes equivalent to the
variational principle, e.g. for structural plate vibrations [91].

In the conventional FEM, the strain and stress fields are derived quantities, which are
calculated from the displacement and rotation fields using the Equations f
and Equations @ —(2.38]). Therefore, the variational form of the Mindlin plate theory,
shown in Equation @, is simplified, since only a variation with respect to the primary
field variables is required.
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3 Numerical techniques for the calculation of steady-state plate vibrations

Assuming harmonic vibrations at angular frequency w and applying integration by parts
reduce the general three-field variational form of the Mindlin plate theory in Equation

(2.85) to a weak form [91]

ff((s ) DS+ 09T avp + 6T a Vw + (6Vw)! arp + (Vow)" onw)daz dy

Q
—ff(éwT w21p2h3¢+5ww2phw>d:cdy—ff(éme—i—éwq)dxdy (3.2)
Q Q

_ / (59" n B, + 595 B, + 50 Q, )ds - / 5eTn T ,ds = 0,
o Fqu

with o = k2 G h, V the del operator, m = [, my]T, n and s the normal and tangential
unit vector at the boundary and

20 1L v 0

§=| 0 & |, D=D|v 1 0 (3.3)
o) o] 1-v
i 00 3%

Using the approximation functions for the field variables from Equation (3.1]) in Equation
(3.2) and expanding the variations de with the same functions (Galerkin approach) finally
leads to a system of linear equations
f
= [ Y, (3.4)

—w? + R
0 Myy Ky Kyy () fy
which has to be solved for the unknown nodal values w = [, Wa, -+ , W] and P =

N ~ N N N ~ T
¢x1a ¢x2a R w:vfey %1, ¢y2a Tty wyfe}

The global mass matrices M., and My, and the global stiffness matrices Ky, Ky =
K g’w and K, are calculated through an assembly process of the element matrices, which
are defined by

M) — f f N o b NOdz dy, M) = f f NI N ay,
Q
T
K(e):ff le(Ue) a VN dz dy, ff VN OéN( )dxdy, (3.5)
W_ff N<e DSN dxdy—i—ffNe) a NV dzdy.

The forces acting on an element are given by

o — ff N gda dy + / NOTD, ds.
Lo
Q

f(e) = N m e dy + N(e)T(nﬁ +3M)ds—|— N R, ds
Wb " Yy - o n s - ) n 4s,
Q

(3.6)
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3.1 Element based techniques

which are assembled to the global forces f,, and f,. Boundary conditions with prescribed
primary variables w, v,, and 1, are applied through row and column elimination.

For a detailed description of the assembly process, the evaluation of the integrals and the
inclusion of the boundary conditions, the reader is referred to [91] and [92].

b.) Kirchhoff plate FEM model

The Kirchhoff plate theory only has the out-of-plane displacement w(r) as primary field
variable, which is approximated by a sum of nﬁf) polynomial shape functions within the
element

ZN ©(r)p® = NOr)w®, aes?, re@. (3.7)

While the polynomial shape functions used for the Mindlin plate theory only have to be
Cy continuous, the Kirchhoff plate theory requires C; continuous shape functions, which
leads to difficulties in the implementation [91]. The other properties of the shape functions
are similar between both theories.

The general three-field variational form in Equation (2.105]) is used to derive a weak
integral form of the Kirchhoff plate theory. If only the variation with respect to w is
considered and harmonic vibration at frequency w is assumed, Equation (2.105) simplifies

to
ff([,dw)TDﬁwdxdy—ff&ww2phwdxdy—ff6wqudy
Q Q Q (3.8)
—/ [&uvn—(%an}ds—k 8(S—MM ds =0,
o an Tuo n
where

(3.9)

2 2 o )"
— - 27
[6.%2’ oy?’ 8x8y]

and integration by parts is applied. Inserting the approximation functions from Equation
(3.7) into Equation (3.8) leads to a system of linear equations

(~w? M+ K)w = fu, (3.10)
where M is the global mass matrix, K the global stiffness matrix, f,, the global force
vector and w = [W1, Wy, --- , W] the unknown nodal values. The global matrices and

force vector are defined through an assembly of the element matrices and force vectors,
which are given by

M®© = f N ph N dzdy,

Q
T
:ff([:Nfﬁ) D LN dzdy, (3.11)
Q

r . ONY aNY"
€) :f Nl(ue) ﬁdxder/ Nl(ue) Vi — Y M, dsf/ Y M, ds.
T, on e On
Q
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3 Numerical techniques for the calculation of steady-state plate vibrations

Mesh requirements for accurate FEM results

The structural models described in the Sections and can all be decomposed into
a set of Helmholtz equations if harmonic vibrations are assumed. The vibrations of the
linear elastic solid are governed by four (Equations and ), the plate membrane
vibrations by two (Equations and ), the Mindlin plate bending vibrations
by three (Equations 7) and the Kirchhoff plate bending vibrations by two

Helmholtz equations (Equations (2.98) and (2.99)).

The accuracy of the FEM based on the Galerkin approach is influenced by the interpolation
and pollution error if problems described by Helmholtz equations are solved [83, 84 97,
98]. The interpolation error, also called the approximation error, occurs through the
approximation of the dynamic field by simple polynomial shape functions and is dominant
at lower frequencies. The pollution error (dispersion error) results from a difference in
wavelengths between the physical problem at hand and the FE discretized problem and
becomes important at rising frequencies [99].

The a priori error estimators developed in [83] and [84] can be used to asses the FE
mesh requirements to bound the interpolation and pollution error. The rule to limit the
interpolation error is given by [84) Q9]

p
(k;yé> <C, (3.12)

where k = 2m/X is the wavenumber of the viewed Helmholtz equation, hys. the greatest
element size in the FE model, p the order of the polynomial shape functions and C a
constant. Setting the constant C = 1 leads to the well known rule of thumb that a
constant number of six to ten linear elements (p = 1) or three to four quadric elements
(p = 2) per wavelength are required to get accurate results [100].

The relation to bound the pollution error is defined by [84 [96] 99]

khee\2P
kL <pf> <C, (3.13)

where L is a characteristic length of the problem domain and C' =1 is used in this work.
It is apparent from Equation that a constant number of elements per wavelength
is not sufficient to limit the pollution error for rising frequencies (kL > 1). A variable
number of elements per wavelength is required to control the pollution error

# elements L

3 —274/27 N p=1 (linear), (3.14)
1 L
w — 2 " p =2 (quadric), (3.15)

which depends on the ratio of the characteristic length of the problem domain to the
wavelength L/\.

The a priori error estimators used to define the criteria in Equations (3.12)) and (3.13)
are proven in [83] and [84] only for dispersion-free problems, e.g steady-state acoustics
[96]. It is assumed that the relations are also applicable for the dispersive Kirchhoff and
Mindlin plate vibration problem, even though there is no formal prove in the literature
[96, 10T, [13)].
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3.1 Element based techniques

Properties of conventional FEM models

The conventional FEM uses locally defined simple shape functions to approximate the
field variables. Applying this approach to the analysis of structural vibration problems
leads to the following characteristic features of the FEM [17), 20]:

a.) Geometric flexibility

The discretization of the problem domain into a large number of small elements gives the
FEM great flexibility to model complex geometries. The necessity of small elements to
control the pollution error, as described in the previous section, inherently leads to almost
no restrictions concerning the problem domain.

b.) Properties of the system matrices

Since the shape functions in the FEM are locally defined within one small element, the
system matrices are large and sparsely populated with a banded structure. The system
matrices are real-valued for real-valued material parameters and the symmetry of the
matrices is guaranteed if a variational approach exists for the investigated problem [91].

c.) Frequency independent model matrices

In general, the mass and stiffness matrix are frequency independent, which allows for
the reuse of the matrices for different frequencies. It is also possible to apply modal
reduction schemes, which improves the computational efficiency. However, in certain cases
the material properties of the view problem are frequency dependent and prohibit the reuse
of the system matrices and the modal reduction techniques.

d.) Model size

The size of the system matrices depends on the total number of nodes ny. and degrees of
freedom per node. To fulfill the mesh requirements described in the previous section, the
model size increases rapidly with rising frequencies.

e.) Model generation process

The model generation process includes the meshing of the problem domain and the creation
of the system matrices. The matrices are generated by the integration of simple polynomial
functions, which is not very demanding, since very efficient numerical integration schemes,
e.g. Gauss-Legendre quadrature, can be applied. If the same FE mesh is used over a wide
frequency range and the matrices are frequency independent, the model generation process
hardly contributes to the total computational time. A refinement of the model can be
achieved by a reduction of the element size (h-refinement) or an increase in the element
order (p-refinement), which requires a (partial) recalculation of the system matrices.

f.) Accuracy of derived quantities

The primary field variables are approximated by polynomial shape functions of order p.
Derived quantities, e.g. stresses, have a lower spatial resolution, since these quantities are
only approximated by lower order polynomials.

65



3 Numerical techniques for the calculation of steady-state plate vibrations

3.1.2 Advances in the Finite Element Method

The conventional FEM is limited to the lower frequency range, since a rather fine dis-
cretization of the problem domain is required to control the pollution error, which leads
to a rapid increase in the computational load for rising frequencies. Therefore, several
attempts have been made to either optimize the modelling and solution process of the
FEM to decrease the computation time or to modify the FE formalism to reduce the pol-
lution error and hence the model size. An outline of these improvements to the FEM are
given in the following sections. The reader is referred to [99] and [96] for a more profound
overview.

Improvements in the FE modelling and solution process

A commonly used approach to optimize the FE modelling process is an adaptive refine-
ment of the FE mesh. The quality of the mesh is increased in regions with the highest
approximation errors. An a posterior error estimator is mandatory to identify these re-
gions. Following the rules for adequate meshes in Equations and , either
the element size is reduced (h-refinement) [83] or the order of the elements is increased
(p-refinement) [102, [103] or both methods are combined (hp-refinement) [104) [84] [T05].

In the conventional FEM, the system of linear equations is solved by direct solution meth-
ods, e.g. Gaussian elimination or factorization, which require a huge amount of memory
and computation time for large systems. The application of iterative solvers in general ac-
celerates the solution process but their stability depends on the conditioning of the linear
system [99].

The response of a system over a broad frequency range (frequency response function)
is of great interest, but computationally demanding if a fine frequency discretization is
required. Instead of solving the large linear system of equations for every frequency step,
so-called Fast Frequency Sweep (FFS) methods can be applied. In FFS the solution of
the large linear system is only calculated in certain expansion points and the derivatives
of the solution are used to predict the response of the system in the neighborhood of
the expansion points [106], 107]. A considerable reduction of computation time can be
expected if the frequency response function is sufficiently smooth.

Another possibility to reduce the computational load is the subdivision of a large problem
into a number of smaller problems, which can be solved independently. Then a distribution
of the problem over a large number of parallel computers is possible, which leads to
an efficient solution process. Methods using this approach are commonly referred to as
Domain Decomposition Methods (DDM), which are described in e.g. [108] 109} [110].

Modifications in the FE formalism

Compared to the previous enhancements of the FEM, which try to optimize the modelling
and solution process and therefore allow for the use of more accurate meshes, other ap-
proaches attempt to reduce the pollution error through a modification of the underlying
system of equations. These techniques either try to stabilize the FEM by adding terms
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3.2 Statistical methods

to the weak integral formulation used by the FEM (Stabilized FEM), to generalize the
FEM by introducing a priori information of the solution in the approximation functions
(Generalized FEM) or to interfere in the numerical integration scheme applied in the
FEM.

The Galerkin Least-Squares FEM (GLS-FEM), presented in [I11] for 1D and in [I12] for
2D Helmholtz equations, adds a least-square operator based on a dispersion analysis to the
standard FEM weak formulation to reduce the pollution error. While in the 1D case the
pollution error can be eliminated completely, only an improvement over the classical FEM
is achieved in the 2D case, since the dispersion is direction dependent. The reduction of
the pollution error through the GLS-FEM is less pronounced for elastic wave propagation
[113]. A similar approach is the Galerkin Gradient Least-Squares FEM (GVLS-FEM),
which includes a least-square term containing residuals of the gradient of the governing
differential equation to the weak formulation of the FEM [114], 115]. The method reduces
the pollution error also for elastic waves and is therefore superior for the analysis of
plate vibrations compared to the classical and GLS-FEM [113]. The combination of both
methods is called Galerkin Generalized Least Squares FEM (GGLS-FEM) [116].

The Partition of Unity Finite Element Method (PUFEM) uses a multiplication of the
classical polynomial basis functions with functions containing a priori information of the
local behaviour of the solution to improve the classical FEM [117]. The PUFEM applies
generlized harmonic polynomials or a system of plane waves to avoid the pollution error in
the numerical simulation of plate vibrations [118]. The Discontinues Enrichment Method
(DEM) adds free-space solutions of the homogenous differential equations to the classical
polynomial shape functions, to incorporate a priori knowledge of the solution. A Lagrange
multiplier technique is used to enforce the continuity at the element interfaces [119]. The
DEM is applied in [120] to investigate the vibrations of Kirchhoff plates in the medium-
frequency range and the advantages of the DEM compared to the classical FEM are
shown.

Instead of using the classical Gauss-Legendre or Gauss-Lobatto rule to integrate the poly-
nomial shape functions, a generalized integration rule is proposed in [I12I] to reduce the
dispersion error in the FEM solution of the Helmholtz equation. Through a dispersion
analysis, the optimal location of the integration points is defined, which increases the ob-
tained accuracy from second-order (classical FEM) to fourth-order. In [122] the modified
integration rule is extended to 1D, 2D and 3D linear elastodynamic problems.

3.2 Statistical methods

In contrast to the element based techniques, statistical methods do not calculate the dis-
tribution of the field variables in the problem domain, but determine space and frequency
averaged energy quantities for a statistical ensemble [13]. The most popular method and
basis for several other approaches is the Statistical Energy Analysis (SEA) [123, [124]. An
overview of the SEA is given in Section Since the conventional SEA is in general
limited to high frequency vibrations [125], several improvements have been made to extend
its applicability to lower frequencies, which are outlined in Section
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3 Numerical techniques for the calculation of steady-state plate vibrations

3.2.1 Statistical Energy Analysis

In the SEA, the considered system is divided into a (small) number of subsystems, which
are groups of similar modes within a physical component of a system. Modes are considered
to be similar if they all have a resonance frequency in a given frequency band and similar
mode shapes, which results in similar values of the damping, excitation and coupling
parameters. These subsystems act as energy storage elements, which can dissipate energy
through system damping, transfer energy to other elements and receive energy through
external sources [123]. Further assumptions in the SEA are [126 127]:

The coupling between the subsystems is conservative.
The excitation forces are uncorrelated white noise.

Only a direct weak coupling between the subsystems exists (see [12§] for a discus-
sion).
The energy is equally partitioned between the modes in the subsystems (equipartition

of energy) or a diffuse wave field is given in the subsystems.

The damping loss factor is equal for all modes in a subsystem and the damping is
light.

The number of modes in a subsystem is large and the resonance frequencies are
uniformly distributed in the viewed frequency band.

In general, these assumptions are only fulfilled in the high frequency region. Several
extensions to the classical SEA to relax the given assumptions are outlined in Section

5.2.2)

A typical SEA model, consisting of two subsystems, is shown in Figure 3.2

ITy in IIs in

Subsystem 1 o, Subsystem 2

El N | Fz Ny

1_[1, diss 1_127 diss

Figure 3.2: Typical SEA system with two subsystems

There is only one primary variable for each subsystem ¢, which is the total dynamical
energy of the subsystem modes E;. The bar over E; indicates an average over a frequency
band Aw, centered at angular frequency w.. Another characteristic parameter is the total
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number of modes N; in the subsystem ¢ for the chosen frequency band. For steady-state
conditions, the power balance equation for each subsystem 1 is given by

n
Hi,in:Hi,diss+ZHija Zzlv 27 cees I (316)
1

where ﬁi,m is the averaged power input to subsystem 4 from external sources, ﬁi’ diss the
averaged dissipated power in the subsystem 1, ﬁij the averaged power flow from subsystem
i1 to subsystem j and n the total number of subsystems. The averaged dissipated power
in subsystem ¢ is defined by

Hi,diss = We); Ei7 (317)
where 7; is the damping loss factor. If the assumptions for the SEA stated above are
fulfilled, the averaged power flow between two subsystems is proportional to the difference
in averaged total energy in the subsystems

I = we (77@'1' Ei —nji Ej), (3.18)

where 7;; = (N;/N;) n;; are the coupling loss factors.

Using Equations (3.17) and (3.18]) in the power balance equations (Equation (3.16))) leads
to a system of linear equations [125]

N T _ a
My + ) hyj —ha EE —hn1 a I i
j#1
n il PR—
—hi2 My + Z hoj - —hn2 % s in
7#2 = ) (3.19)
n i —
_hln _h2n te Mn + Z hnj % Hn,in
L J#n L ] L ]

where n; = N;/Aw is the modal density, M; = w.n; n; the modal overlap and h;; = we 15 1
the power transfer coefficient. Due to the reciprocity relation h;; = hj;, the system matrix
of the SEA is symmetric. Furthermore, the system matrix is small and sparsely populated,
since the number of subsystems is in general low and because a certain subsystem is
only coupled with directly connected subsystems (no indirect coupling). The solution of
Equation leads to the averaged total energies in the subsystems, which can be used
to calculate other parameters, e.g. the average vibration levels.

The SEA modelling process leads to several advantages [125]:

e Through the low number of degrees of freedom, the SEA matrix system can be
solved very efficiently. Therefore, numerical experiments can be performed in a very
efficient way.

e The model of a subsystem only requires relatively few gross parameters, e.g. modal
density, coupling loss factor, damping loss factor and power input.
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3 Numerical techniques for the calculation of steady-state plate vibrations

e Since it is a statistical approach, it is well suited for high frequency problems, because
the vibration characteristics of a system, e.g. eigenfrequencies and mode shapes, are
very sensitive to uncertainties in geometry and material parameters.

Nevertheless, the application of the SEA is limited through the assumptions stated above,
which in general are only fulfilled in the high frequency range. Furthermore, the definition
of the subsystem requires a lot of user experience to fulfill the similarity requirement
between the modes and all the other assumptions. The SEA also only predicts spatial and
frequency averaged energy levels and local information, e.g. displacements or stresses, is
not available [I3].

3.2.2 Improvements and extensions of the SEA

Several extensions and improvements to the SEA have been developed to relax the required
assumptions and to simplify the use of the SEA in practice, which are outlined in this
section.

The assumption that a diffuse wave field is required within each of the subsystem is relaxed
by the Wave Intensity Analysis (WIA) [129, [I30]. A Fourier series is used to model the
direction dependency of the vibrational wavefields in each component, which leads to a
conventional SEA model with additional indirect coupling loss factors.

The Statistical modal Energy distribution Analysis (SmEdA) does not assume equipar-
tition of modal energies within one subsystem, therefore the coupling between pairs of
modes of different subsystems are examined instead of the coupling between the whole
subsystems [I31]. This improves the results compared to SEA especially if the modal
overlap in subsystems is low and localized excitation is present in the model [I31].

In the Energy Distribution Analysis (EDA) a post-processing procedure is applied to FEM
models to calculate frequency averaged subsystem energies [132] [133]. Since the EDA is
based on a deterministic technique, correlated and localized excitations as well as strongly
coupled subsystems can be examined [134].

There are several other extensions and generalizations of the SEA, which are outlined for
instance in [134].

3.3 Trefftz based approaches

In 1926, Trefftz [I5] proposed a deterministic numerical method as an alternative to the
Rayleight-Ritz method, which incorporates a priori information of the problem solution
in the definition of the approximation functions. If the problem is governed by linear
partial differential equations, the solution can be found by a boundary discretization alone.
According to [135], the Trefftz formulations can be classified into the indirect and direct
Trefftz method. The indirect methods use solutions of the homogenous partial differential
equations as basis functions and the unknown contribution factors are determined by
a minimization of the boundary residuals. In the direct methods, a weighted residual
approach is applied and the weighting functions are expanded in terms of solutions of the
homogenous partial differential equations. A boundary discretization is used to solve the
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3.3 Trefftz based approaches

resulting boundary integral equation. While the unknowns in the direct Trefftz method
are physical quantities (e.g. displacements or rotations), the contribution factors in the
indirect Trefftz method have no direct physical meaning [135].

The basis functions in the indirect Trefftz method (or the weighting functions in the
direct Trefftz method) have to form a so-called T-complete set. A basis function set is
T-complete if it is able to represent any possible solution field in the problem domain
and fulfills the homogenous partial differential equations [20]. Since the T-complete set is
globally defined and non-orthogonal, all Trefftz methods lead to an ill-conditioned system
of linear equations [136].

Since the direct Trefftz method is a rather new method, it is rarely applied to dynamic
problems [137]. In [I38] and [139] the direct method is used to solve the Helmholtz equation
(acoustics and membrane vibrations). Apart from that, the direct Trefftz method has been
applied to the static in-plane elasticity problem [140], the static thin plate bending problem
[141] and the static moderately thick plate bending problem [142].

The indirect Trefftz method is wildly used to solve elastostatic and steady-state acoustic
models and some of the applied methods have been extended to steady-state elastodynamic
problems, e.g. plate vibrations. A different choice of the basis function sets and procedure
to fit the boundary and interface conditions lead to a variety of indirect Trefftz methods.
A broad overview of the indirect Trefftz methods applied to the Helmholtz equation is
given in [I37] and [143]. In the subsequent sections, several indirect Trefftz methods,
which have been applied or can be extended to analyze plate vibrations, are reviewed. The
source simulation techniques, appearing with different names in the literature, are meshless
methods and are outlined in Section An overview of indirect Trefftz methods using
a domain decomposition and an indirect coupling approach is given in Section The
methods applying a domain decomposition and a direct coupling are stated in Section

3.3.31

The main focus of this work is an indirect Trefftz method using a domain decomposition
and a direct coupling called Wave Based Method (WBM), which is fully described in
Chapter [

3.3.1 Source Simulation Techniques

These kinds of methods apply distributed source terms, which lie outside the viewed
problem domain, as basis function set. Depending on the choice of source terms and
their locations and the way of imposing the boundary conditions, the methods appear
with different names, e.g. Source Simulation Technique [144], Method of Fundamental
Solutions (MFS) [145, [146], Equivalent Source Method (ESM) [147], Wave Superposition
Method [148], Boundary Knot Method (BKM) [149, [150], etc.. In [I51I] a review of the
different forms of the Source Simulation Techniques is given. A main advantage of these
methods is that no meshing of the domain is required.

Apart from the application of these methods to acoustics and static strucural problems,
several extensions to plate vibration problems can be found in the literature. In [I52] the
scattering of flexural waves in heterogeneous thin plates is analyzed using a collocation
method to fit the boundary conditions and the response of the plate to a point force is

71



3 Numerical techniques for the calculation of steady-state plate vibrations

applied as source terms. The MFS has been used to determine the eigenfrequencies of thin
plates [153] 154] and the frequency response function of a vibroacoustic problem [I55]. The
BKM is used in [I56] to predict the eigenfrequencies of arbitrary shaped thin plates.

The main drawback of these methods, apart from the ill-conditioned system matrices, is
that no rule exists to find the optimal number and position of the source points [I51]. Since
the BKM applies non-singular general solutions instead of singular fundamental solutions
as basis function set, the source points can be placed on the boundary, which mitigates
this drawback.

3.3.2 Indirectly coupled methods

These types of methods decompose the problem domain into several sub-domains and
apply the T-complete set as basis functions within every sub-domain. Since the inter-
element continuity is in general not fulfilled a priori, a coupling scheme between the
elements is required. In the indirect coupling approaches, auxiliaries like an auxiliary frame
containing standard polynomial shape functions or Lagrange multipliers are applied.

Depending on the indirect coupling technique, the used T-complete set and the approach
used to minimize the boundary and interface residuals, several methods have been devel-
oped.

The hybrid-Trefftz Finite Element method (HT-FEM) [I57] applies an auxiliary inter-
element displacement or traction frame to couple adjacent elements. A modified variational
principle is used to enforce the continuity of the field variables. In [I58] the HT-FEM is
applied to linear elastodynamics, in [I59] to the analysis of forced Kirchhoff plate vibrations
and in [I60] to transient plate bending problems.

The Discontinuous Galerkin Method (DGM) with Lagrange multipliers [161, 162, 163]
can be considered as a special case of the DEM by dropping the standard polynomial
field from the approximation functions. Therefore, only the free-space solutions are used
to approximate the field variables, and Lagrange multipliers are applied to enforce the
inter-element continuity in a weak form.

3.3.3 Directly coupled methods

The last group of Trefftz methods also applies a domain decomposition, but enforces the
inter-element continuity of the field variables in a direct way. The Trefftz collocation
method [164] uses simple point collocation to impose the boundary and interface condi-
tions, while the least-square method, proposed in [165], enforces the continuity between
the elements through a least-square approach.

The Ultra Weak Variational Formulation (UWVF) [166], [167] uses the adjoint partial
differential equation to derive a different variational formulation of the problem at hand.
Through the variational formulation of the UWVF| the interface conditions are inherently
satisfied [20]. In [168] the UWVF has been extended to elastic wave propagation problems
and in [I69] to the analysis of thin clamped plate vibration problems.
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3.3 Trefftz based approaches

The Variational Theory of Complex Rays (VIT'CR) [170, [I71] applies a variational for-
mulation, which enables a priori independent approximations within the sub-domains.
Complex rays termed interior rays, edge rays and corner rays, which satisfy the partial
differential equations of the viewed problem, are used as basis functions. The amplitudes
of the complex rays are discretized by piecewise polynomials.

The Wave Based Method (WBM) [21], which also corresponds to this category of Trefftz
methods, is described in detail in the next chapter.
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4 The Wave Based Method

In this chapter, the Wave Based Method (WBM), developed by Desmet [2I] in 1998, is
reviewed in detail. The WBM is a deterministic approach and belongs to the category of
indirect Treffz methods with a direct coupling between the sub-domains. It can be applied
to solve any steady-state dynamic problem, which is governed by a set of Helmholtz equa-
tions. For two-dimensional bounded problems, the basis function set consists of travelling
and evanescent waves, which may be enriched by special purpose functions to treat cer-
tain effects, e.g. singularities in the solution. The direct coupling of sub-domains and the
enforcement of boundary conditions are performed with a weighted residual formulation
[14], although in earlier works a least-square approach has been tested [21] [96].

In Section the methodology of the WBM to solve problems governed by Helmholtz
equations is outlined. The properties of the WBM are discussed in Section and a
broad review of the state-of-the-art developments of the WBM are given in Section
The following sections are mainly based on the comprehensive review papers of Deckers
and her co-workers [I4] and Pluymers et al. [137] with additional information on recent
developments.

4.1 Methodology for a generalized Helmholtz problem

In this section the WBM modelling steps for a two-dimensional bounded problem governed
by a set of Helmholtz equations are outlined. The reader is referred to, e.g. [99] and [172]
for unbounded and three-dimensional problems. In Section the generalized bounded
Helmholtz problem, which can be solved by the WBM, is described. The modeling steps
of the WBM to solve the outlined problem are given in Section [4.1.2]

4.1.1 Generalized Helmholtz problem

The general bounded two-dimensional problem domain 2, shown in Figure is decom-
posed into two sub-domains Q = Q@) U Q®) (the generalization to an arbitrary number
of sub-domains is straightforward). Such a decomposition might be necessary because the
parameters of the sub-domains are different or the geometry of the problem domain is con-
cave (more details on this restriction of the WBM are given in the subsequent sections).
It is assumed that the mathematical model of the physical problem at hand gives rise to
a number of ny Helmholtz equations with a total number of ny field variables

V2ul) 4+ kW@ = O =1y, re®. 1={a, 8}, (4.1)

where r is the spatial coordinate, u$,? (r) the field variable of the m'™ Helmholtz equation

in the sub-domain I, k:y(,ll) the associated physical wavenumber and fﬁb) an external source
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Figure 4.1: General two-dimensional bounded problem with two domains Q(®) and Q)
different boundary conditions Fga) and F;B ) and the common interface T(®5)

()

term. The field variables um; (r) of the sub-domain [ are gathered in the column vector
T
ulir) = [u, wf), o ui]

In order to obtain a well-posed problem, ny boundary conditions need to be imposed on
every point of the domain boundary I' = 0€). Since the problem domain in Figure is
decomposed into two sub-domains, the domain boundary is partitioned into two external
sub-domain boundaries I' = I'® UT'®) and both sub-domains share a common interface
(@A) The external sub-domain boundaries can be divided into non-overlapping parts
ré = U; Fg-l) , which allows for the definition of different types of boundary conditions at

each boundary part Fgl). The set of boundary conditions at a boundary part Fgl) can be
given in a general form
l (1 l
Bg,)f ul) = B;,)c, k=1,..., ngy, T E I‘;), (4.2)

0

where By,)ﬁ is a general boundary differential operator and Ejfk (r) an externally prescribed
boundary field. Furthermore, continuity conditions at the common interface have to be
fulfilled, which can be given by

By BPu®) =0 k=1,... 20y, rel®d) (4.3)

with B,(f) and Bgf ) general boundary differential operators, which ensure the continuity
between the field variables u(® and w(®). The well-posedness of the problem is only
retained if one continuity condition is imposed for each of the ny field variables on each
sub-domain. It is apparent that in general the field variables within one sub-domain are
coupled through the boundary conditions and a coupling of the field variables of different
sub-domains occurs by imposing the continuity conditions.

The generalized Helmholtz problem is solved when the field variables uﬁQ fulfilling the

governing equations (Equation ), the boundary conditions in Equation and the
interface conditions in Equation are determined. In the next section, the WBM is
used to find an approximate solution for the field variables qu}, since analytical solutions
are rarely feasible.
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4.1.2 The modeling procedure of the WBM

In general, the WBM requires four to five modelling steps in order to solve a generalized
Helmholtz problem:

e In case of a concave problem domain, a partitioning into convex sub-domains is
needed.

e For each sub-domain a suitable set of wave functions has to be selected. If source
terms are present in the sub-domain, a specific particular solution of the Helmholtz
equation is required. Special purpose functions can be added if certain effects have
to be treated, e.g. singularities in the solution field.

e The system of linear equations is constructed through the fitting of the boundary
and interface conditions via a weighted residual approach.

e The solution of the system of linear equations leads to the contribution factors of
the selected wave functions.

e A postprocessing step is needed to calculate the dynamic variables and derived quan-
tities.

A detailed description of each modelling step is given in the subsequent sections.

Partitioning of the problem domain

As previously mentioned, the WBM is restricted to convex problem (sub)-domains. If the
general problem domain is non-convex, a partitioning into convex sub-domains is required.
This limitation is due to the selected basis function set applied in the WBM, which is only
a T-complete set, if it is used in a convex domain [2I]. Through the partitioning into
convex sub-domains, the applied function set becomes T-complete, but the additional
interface conditions, given in Equation , have to be fulfilled.

In general, many different configurations of convex sub-domains are possible for the par-
titioning of a concave problem domain. In [96] it is proposed that the total number of
sub-domains and the number of small sub-domains should be minimized, while highly
irregular sub-domains and large area ratios between the sub-domains are avoided.

Selection of the basis function sets

The WBM is an indirect Trefftz approach and therefore analytical solutions of the ho-
mogenous partial differential equations are used as basis function set. If the problem
domain is decomposed into n, non-overlapping sub-domains, each field variable ug,? ) in

each sub-domain is approximated by a solution expansion

i)
W mal) = 3 (0l o)) +ufe) =@ aly) +ul),  a=1,...,n., (44)
wm=1
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where @5,?,,)1 are the wave functions defined in the sub-domain Q(®), 125,52 the wave contri-

(@) (o)

bution factors, ny;,’ the number of used wave functions and wuy », the particular solution

functions. The nﬁﬁ ) wave functions and contribution factors are gathered in the row vector

@ﬁﬁ'f ) and the column vector a&‘i‘ ).

(a)

The particular solution function up s has to fulfill the inhomogeneous Helmholtz equa-
tion

V2 ule), + K ule), = 7o) (15)

without the necessity of satisfying any boundary or interface conditions. In general, the
particular solution functions are found by solving the Helmholtz equation in an infinitely
extended medium.

The applied wave functions <I>£UC:,)I in Equation (4.4) are solutions of the homogeneous
Helmholtz equation
V2o 4 k@ gl _ o (4.6)

Win, m w

while the contribution factors a&%ﬂ are freely chosen constants. Several different possibil-

ities exist to define T-complete wave function sets @53,7)1, e.g. plane waves or Bessel type

functions [173].

The WBM applies plane waves as function set. The characteristic lengths L;(L«a) and Lg(,a)
of the smallest rectangle (see Figure , circumscribing the convex sub-domain, and a
local sub-domain coordinate system {xp, yp} are used to select the wavenumbers for the
plane wave functions [21]. The plane wave functions are a combination of cosine and/or
sine functions in one direction (either in xzp- or yp-direction) and exponential functions
in the second direction. The wavenumber component associated with the sine or cosine
functions is chosen as such that an integer number of half wavelenghts fits into the cor-
responding bounding box dimension [20]. The dispersion relation determines the second
wavenumber component corresponding to the exponential functions. Depending on the
second wavenumber component, either a propagating wave (real wavenumber), an evanes-
cent wave (imaginary wavenumber) or a harmonic decaying wave (complex wavenumber)
occurs [I00]. This selection of wavenumbers leads to a T-complete function set in convex
domains, as it is shown in [2I] for steady-state acoustic problems and in [I7] for thin

) -
YD e —

Figure 4.2: Smallest rectangular bounding box, circumscribing a convex 2D sub-domain
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plate bending vibrations. The advantage of the inclusion of evanescent waves in the basis
function set is the possibility to capture near field effects, e.g. edge effects at boundaries.

Construction of the system of linear equations

The solution expansions given in Equation fulfill the Helmholtz equations (Equation
(4.1)) independently of the contribution factors. However, the boundary conditions in
Equation and the interface conditions in Equation are in general violated by
the proposed basis functions. The approximation of the boundary and interface conditions
can be achieved by different approaches [135]. The simplest approach is the collocation
method, where the boundary and interface residuals are forced to vanish at certain colloca-
tion points. Even though this approach is the simplest and computationally most efficient,
the errors between the collocation points may be rather high [I35]. Using specific locations
of the collocation points, e.g. the evaluation points of the Gauss-Legendre quadrature, can
remove this drawback [I36]. In the WBM however, a least-square approach or a weighted
residual formulation is applied. In the least-square approach a functional defined by the
sum of the squares of the boundary and interface residuals is minimized. Weighting factors,
which preserve the numerical equivalence between the different residuals, are required. In
the weighted residual formulation, the boundary and interface residuals are orthogonalised
with respect to some weighting functions and integrated over the problem boundary and
interfaces. The sum of these integrals is forced to vanish for any combination of weighting
functions.

In [2I] and [96] both methods have been compared and it is argued that in the WBM,
the weighted residual formulation is superior to the least-square approach, since numer-
ical tests have shown a higher convergence rate for the weighted residual formulation.
Furthermore, it is not straightforward to assess a priori the required weighting factors in
the least-square approach, which have great influence on the convergence rate. Therefore,
the weighted residual formulation is used in this work to fit the boundary and interface
conditions.

The weighting functions vsa)(r) are used to orthogonalize the boundary and interface
residuals of the sub-domains Q%) (=1, ..., ny) and an integration over the boundaries

and interfaces leads to

Na ng
Z Z/( N v,g,a) (B,(ca)u(a) + B,(f)u(ﬁ)) ds
(e,

B=1,8+a k

ng (o

DY [ oS3 (B ) = B) ds =0
7 k= J

(4.7)

The first term enforces the interface conditions between the sub-domains Q2(®) and Q)

and the second term the boundary conditions imposed on the sub-domain Q. The

boundary and interface specific weighting functions uﬁ“) can be computed by

ol = T3, (4.8)

T
DI S @ﬁf}}} a
column vector containing the different weighting function components 17,(3 ) A commonly

where 7:(a) is a specific partial differential operator and v(®) = [
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applied approach to find the problem dependent partial differential operator 7'.(a) is a
variational analysis of the problem at hand [96]. In the WBM, the Galerkin approach is

applied and the weighting function components 177(7? ) are expand in the same wave functions

as the field variables u,(ﬁ‘ ) leading to

7 = 3 ol el = ()3, (4.9)

Wm — Wm m

where 131(1,02 are the weighing factors of the weighting functions, which are gathered in the

column vector \A/?(ﬁf) .

Using the approximate expansion of the field variables (Equation (4.4)) and the weighting
function expansion (Equation (4.9)) in the weighted residual approach, given in Equation

(4.7), results in

F a7
ale—1)
v<a>T<[C<avl>, L, Ol Al gleath) gl ]| (@) —b(a)>= 0, (4.10)
4letl)
L ﬁ(no‘) .
T T
where v(@) = [VEQ)T, f/ga)T, e \AI%OQT] and 4(® = [ﬁga)T, ﬁga)T, e ﬁgng are col-

umn vectors containing the weighting functions factors 05;3) and the wave function con-
tribution factors ﬁ&g‘). The coupling matrices C(®%) result from the interface conditions
between the adjacent sub-domains Q(® and Q%) while the sub-domain matrix A(® orig-
inates from the minimization of the boundary residuals and a back coupling at the in-

terfaces. Non-zero boundary conditions Eﬂ) # 0 and source terms fy(,? ) Jead to the load
vector b(®), Applying this procedure to all sub-domains (aw = 1, ...,n,) and enforcing
that Equation (4.10)) vanishes for any combination of weighing functions lead to the linear

system
Au =0, (4.11)

where the square system matrix A is an assembly of all sub-domain matrices A(® and

Dt a®t

T
coupling matrices C(@H) the column vector 4 = al , ﬁ(”“)T} contains all

unknown wave contribution factors and the column vector b = [b(l)T, b(2)T, ceey b(”")T}
gathers all load vectors.

Solution of the linear system and postprocessing steps
The linear system in Equation (4.11]) has to be solved for the unknown wave contribution

factors. Since the linear system of equations is in general ill-conditioned [21], direct solvers
are preferred for the solution, e.g. LU factorization (Gaussian elimination) or singular value
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decomposition (SVD). Substituting the resulting contribution factors into the solution ex-
pansion given in Equation leads to an analytical approximation of the field variables.
Derived quantities, e.g. stresses, can be computed with the same spatial resolution as the
primary field variables by applying the associated differential operators.

4.2 Properties of a wave based model

In this section, the properties of the WBM are stated and the advantages and disadvan-
tages compared to the FEM are described. Even though both methods are deterministic
methods, the fundamental difference in the choice of approximation functions leads to
different features concerning the model discretization, the degrees of freedom, the geo-
metric flexibility, the construction and properties of the system matrices and the problem
dependent computational load.

Problem subdivision and degrees of freedom

Compared to the FEM, which requires a discretization of the problem domain into a large
number of small elements, the WBM applies a domain decomposition into a small number
of large convex sub-domains, which is mandatory for the T-completeness of the applied
function set [21]. In addition to the decomposition rules stated in [96] (see Section [4.1.2)),
steep changes of the boundary conditions within one sub-domain should be avoided [14].

An increase in the accuracy in the conventional FEM is achieved by either a finer dis-
cretization of the problem domain (h-refinement) or an increase of the polynomial order
(p-refinement). In general, a local refinement requires a (partial) remeshing of the domain.
Furthermore, a remeshing of the whole problem domain might be necessary due to the
mesh requirements at higher frequencies. The WBM applies a higher number of wave
function within one sub-domain to increase the accuracy and therefore a remeshing of the
problem is not required, even at high frequencies.

The degrees of freedom in the FEM represent the value of the field variable at the nodal
positions (nodal values) and therefore have direct physical meaning. In general, the num-
ber of degrees of freedom are rather high in the FEM, especially for high frequencies. The
unknowns in the WBM are the contribution factors of the applied wave functions, which
have no direct physical meaning. A postprocessing step is needed in order to get the
values of the field variables at certain positions. The application of analytical solutions of
the governing equations in the WBM introduces a priori information of the solution and
therefore the number of degrees of freedom is in general considerably lower compared to
the FEM.

Complexity of the model geometry

The fine discretization in the FEM leads to a high flexibility concerning the geometric
complexity of the model, which allows for the application of the FEM to almost any
problem domain. Since the WBM is most effective for a small number of large convex
sub-domains, highly complex domains, which have to be partitioned into a larger number
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of sub-domains to fulfill the convexity requirement, lead to a decrease in the computation
efficiency of the WBM. This is due to the increase of interfaces between the sub-domains,
which require the integration of highly oscillating functions [14]. This drawback is relaxed
by improvements of the WBM like the Multi-Level WBM [174}, [I75] and the hybrid Finite
Element-Wave Based Method [96], which are outlined in Section

Construction of the system matrices

While the construction of the system matrices in the FEM requires the integration of lower
order polynomial functions, in the WBM integrals of highly oscillating functions have to
be evaluated. Therefore, the computational load to build the system matrices is higher
for the WBM compared to the FEM and furthermore, due to the frequency dependency of
the WBM matrices, the system matrix has to be computed for each considered frequency.
Although, an analytical integration of the integrals appearing in the WBM is possible for
straight boundaries [96], in general, a numerical integration technique is applied. Using
numerical integration gives a higher flexibility concerning the boundary shape of the sub-
domains and also allows for the evaluation of integrals, which cannot be solved analytically,
e.g. integrals resulting from source terms. The Gauss-Legendre quadrature appears to be
the most effective numerical integration technique for the occurring integrands [96] and the
matrix multiplication technique shown in [I76] can be applied to evaluate the integrals very
efficiently. Since the resulting system matrix is ill-conditioned, the numerical integration
has to be performed very carefully to ensure sufficiently accurate matrix coefficients. In
[I7] a rule is derived for the optimal number of Gauss points, which leads to accurate
results (relative error of 10719 compared to the analytical solution) with a minimum of
computational costs.

Properties of the system matrices

The FEM leads to system matrices, which are in general large, symmetric, real-valued,
frequency independent and sparsely populated with a banded structure (see Section.
In contrast, the system matrices resulting from the WBM are always complex, frequency
dependent and fully populated [20]. The system matrix has a considerable lower size
compared to the FEM and is symmetric or non-symmetric, depending on the analyzed
physical problem. As pointed out in [I36], Trefftz methods lead to an ill-conditioned
system of linear equations, which is also true for the WBM. In [2I] it is shown that
accurate results can be obtained, even though the system matrix is ill-conditioned, if
direct solution methods are applied and the WBM matrices fulfill both Picard conditions
[177, [178].

Accuracy of derived quantities

Since the FEM uses polynomial shape functions for the approximation of the primary field
variables, the solutions of the derived quantities, which are calculated by applying partial
differential operators to the primary field variables, have a lower spatial resolution and
accuracy. The WBM however uses wave functions for the approximation of the primary
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field variables and since the derivations of the wave functions are again wave functions, the
derived quantities are predicted with the same spatial resolution as the primary variables
[14].

System matrix solution and computational load

The system matrix of the FEM allows for the use of efficient sparse direct or iterative
solvers, but due to the large size of the matrices, the system solution process is still the
most demanding step in FEM, while the computational load for the construction of the
system matrices is usually negligible. Even though the construction of the WBM matrices
is more demanding than the calculation of the FEM system matrices, the considerably
smaller size of the fully populated WBM matrices allows for a more sufficient solution
process compared to the FEM. Furthermore, due to the application of analytical solutions
of the homogenous governing equations, the convergence rate of the WBM is superior [20].
This holds true for moderately complex geometries, since the computational load of the
WBM rises with the required number of convex sub-domains.

4.3 State-of-the-art developments

In this section, the state-of-the-art developments of the WBM are presented. In Section
an overview of the physical problems, which are currently analyzed with the WBM,
is given. Further improvements and extensions of the WBM are outlined in Section [4.3.2]
especially the treatment of singularities and methods to relax the geometrical limitations
of the WBM. Finally, some applications of the WBM to engineering problems are stated in
Section Several review papers of the WBM exist in the literature, e.g. [179} 137, [180]
for two-dimensional bounded and unbounded acoustic problems including the coupling of
the WBM to FEM, [181] for steady-state structural problems, [I82] for the WBM applied
to poroelastic materials and [95] [14] for general reviews.

4.3.1 Physical problems tackled by the WBM

Since the WBM can be applied to any problem, which is governed by a (set of) Helmholtz
equation(s), a great variety of physical problems can be tackled by the WBM. In the
following sections, the problems analyzed with the WBM so far, are stated.

Steady-state acoustic problems

The steady-state acoustic problem is governed by one Helmholtz equation [99] and there-
fore can be solved by the WBM. Depending on the problem domain, interior acoustic
problems (bounded domain) and exterior acoustic problems (unbounded domain) are dis-
tinguished.
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a.) Interior acoustic problem

The first developments of the WBM for steady-state acoustics in bounded two-dimensional
and three-dimensional domains have been carried out by Desmet [2I]. The weighted resid-
ual formulation as well as a least-square approach are used to fit the boundary conditions
and general information on the practical implementation of the WBM, e.g. the wave func-
tion scaling, the numerical integration of the wave functions, the wave function truncation
and the linear dependency of the wave functions, is given.

In [I83] a high performance implementation of the WBM for uncoupled two-dimensional
acoustic problems in convex and non-convex domains is compared to a commercial FEM
code and the high computational efficiency of the WBM is shown. An object-oriented
implementation scheme for the WBM is developed in [184] and applied to the steady-
state acoustics of a two-dimensional L-shaped problem domain. Several other examples of
two-dimensional interior acoustic problems solved by the WBM can be found in [99] and
[96].

Applications of the WBM in three-dimensional interior acoustics are given in [I85] and
[186] for convex domains and in [I87] and [I8§] for non-convex domains. In [99] an
impedance coupling between sub-domains is developed for two- and three-dimensional
problems and compared to the originally proposed direct coupling of the velocity and
pressure fields. It is shown that the impedance coupling exhibits better convergence char-
acteristics than the pressure and velocity coupling. The three-dimensional axisymmetric
acoustic problem in bounded domains is tackled in [I89] by introducing a specific wave
function set.

b.) Exterior acoustic problem

While in interior acoustic problems the field variables have to satisfy the governing equa-
tions and the boundary conditions, exterior acoustic problems also require the fulfillment
of the so-called Sommerfeld radiation condition. In [99] the WBM is developed for two-
dimensional exterior acoustic problems. A truncation surface is introduced, which divides
the problem domain into a bounded and an unbounded part. In the bounded part, the
classical wave functions are applied and in the unbounded part new wave functions are
presented, which also satisfy the Sommerfeld radiation conditions. In [I90] the steady-
state acoustics of a two-dimensional car-like cavity with an open boundary are analyzed
with the WBM and in [I72] several other two-dimensional examples are presented.

The extension to three-dimensional exterior acoustic problems is mainly performed in
[191], [I72] and [192] and applications of the method are shown in [193] for simple three-
dimensional geometries and in [194] for a truck engine geometry. Investigations concerning
the required number of wave functions and optimal decomposition strategies for three-
dimensional exterior acoustic problems are presented in [195].

A modification of the wave function set used in unbounded acoustic domains is applied
in [196] to analyze two-dimensional semi-infinite radiation and scattering problems and
transmission or diffraction problems. Similar approaches are also used for the three-
dimensional case [197), [172].
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Steady-state structural dynamics

The steady-state vibrations of linear elastic solid structures are governed by a set of four
Helmholtz equations (Equations and ) Even though, the WBM could be
used to solve the three-dimensional elasticity equations, only simplified models, e.g. plate
membrane and bending problems and shell vibrations, are solved by the WBM so far.

a.) Plate membrane problems

The WBM for steady-state vibrations of the in-plane behaviour of two-dimensional struc-
tural solids is developed by Vanmaele and her co-workers [198|, [I81], [I7]. Therefore, the
coupled dynamic Navier equations are decomposed into two uncoupled Helmholtz equa-
tions, which simplifies the definition of the T-complete function set. Two different types
of decompositions are analyzed and a direct coupling approach between sub-domains is
used.

b.) Plate bending problems

In [21], Desmet already considered the uncoupled plate bending problem and derived the
wave function sets for steady-state Kirchhoff plate vibrations. The WBM is also applied
in [199] and [200] to investigate the vibrations of thin convex plates and the weighted
residual approach is used to fit the boundary conditions, while in [20I] a least-square
approach is implemented. Further developments of the WBM for steady-state Kirchhoff
plate vibrations are shown in [I7], [16] and [I81], analysing an additional function set,
the importance of corner residuals in the Kirchhoff plate theory and non-convex problem
domains. Applications of the WBM to orthotropic Kirchhoff plates are given in [202]
and [203]. The treatment of point connections, e.g. point connected masses, springs or
dampers, are shown in [I3].

c.) Three-dimensional flat plate assemblies

If flat plates are assembled at an arbitrary angle, a coupling between the membrane and
bending vibrations occurs through the common interface of the flat plates. Therefore, a
combination of the WBM for plate membrane and plate bending problems is proposed
[204] 205, 17, [181], where a full coupling and a reduced coupling (in-plane displacements
are neglected) are analyzed. While the full coupling leads to accurate predictions of the
out-of-plane displacements, the neglecting of the in-plane displacements results in a large
error.

d.) Shell vibrations

The first attempts to use the WBM for cylindrical shell vibrations are reported in [2006]
and [21], where a two-dimensional acoustic cavity is coupled with a force-excited shell
structure. The analysis of free vibrations of ring stiffened cylindrical shells with inter-
mediate large frame ribs is performed in [207]. Therefore, the WBM is applied to the
Donnell-Mushtari shell theory and coupled with circular and annular circular thin plates.
A similar approach is used in [208] for the free vibration analysis of cylindrical shells with a
nonuniform and eccentric stiffeners distribution. The WBM is further extended to the free
and forced vibrations of cylindrical shells with discontinuities in thickness [209], elastically
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coupled annular plates and cylindrical shell structures [210] and non-uniformly supported
cylindrical shells [211]. All these extensions apply the Fliigge shell theory and external
loading is introduced through the boundary conditions.

Coupled vibro-acoustic problems

In the coupled vibro-acoustic problem, a vibrating structure is in contact with a fluid and
a mutual coupling interaction between the structural vibrations and the acoustic pressure
field occurs. While the pressure field acts as external loading on the structure, the surface
vibrations are treated as boundary conditions in the acoustic problem.

The WBM for a coupled vibro-acoustic problem of a plate interacting with a bounded two-
or three-dimensional acoustic domain is developed in [2I]. The acoustic pressure exciting
the plate is included by a particular solution function fulfilling the inhomogeneous terms
in the partial differential equation of the Kirchhoff plate theory. The plate vibrations
are treated as velocity boundary conditions in the acoustic problem. Further applications
of the WBM to bounded vibro-acoustic problems are given in [212] and [96] for two-
dimensional domains and in [213] and [214] for three-dimensional domains.

The extension of the WBM to coupled vibro-acoustic problems with a two-dimensional
unbounded acoustic domain is shown in [2I5] using a least-square fit of the boundary
conditions, while in [216] a weighted residual approach and an impedance coupling between
sub-domains is applied. In [217] and [192] the WBM is applied to coupled vibro-acoustic
problems with a three-dimensional unbounded acoustic domain.

Poroelastic material modelling

Porolelastic materials comprise two constituents, the frame (an elastic solid) and the fluid
filling. The vibrations of both constituents can be strongly coupled, depending on the
frequency range. Different mathematical models have been proposed for poroelastic mate-
rials, e.g. the equivalent fluid model, the Biot model and the equivalent solid model, which
result in partial differential equations [182].

The WBM is applied in [2I§] to analyze two-dimensional problems including poroelastic
materials, which are modelled as an equivalent fluid. The same approach is used in [219]
to investigate the acoustic performance of sound absorbing materials.

The development of the WBM for poroelastic materials modelled by the more accurate
Biot theory is shown in [220]. The partial differential equations resulting from the Biot
model are decomposed into three Helmholtz equations, which allows for a straightforward
definition of the T-complete function sets. Applications of the WBM to two-dimensional
poroelastic material problems using the Biot model can be found in [221] and in [222] the
WBM for a poroelastic material coupled with an acoustic domain is presented. The three-
dimensional axisymmetric Biot model is investigated in [I89] by modifying the original
wave function set of the WBM.
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4.3.2 Current improvements and extensions of the WBM

The main drawback of the WBM is given by the geometrical limitation due to the need for
convex sub-domains. Several improvements and extensions have been made to enhance
the geometrical flexibility of the WBM. First of all, the convergence of the WBM in
certain non-convex domains with smooth concave parts is shown in [223], which allows for
the application of the WBM without subdividing the domain. In case of other types of
non-convex domains, which would require a partitioning into a large number of convex sub-
domains, the Multi-Level WBM and the Hybrid Finite Element-Wave Based Method or the
Hybrid Boundary Element-Wave Based Method have been developed. These extensions,
as well as the treatment of singularities in the solution field and other hybrid methods,
are outlined in the subsequent sections.

Treatment of singularities in the solution field

Singularities in the solution field may occur due to discontinuities in the material parame-
ters, boundary conditions or boundary shape (e.g. corner points in polygonal domains). If
such singularities are present in the solution, the WBM suffers from convergence problems,
since the representation of a singularity is difficult with the classical wave function set.
Therefore, so-called special purpose functions are added to the classical wave function set,
which are able to capture the singular behaviour [198].

The special purpose functions, developed for the WBM, have to satisfy the partial differ-
ential equations and can be found in the literature for corner singularities, which occur
especially in polygonal shaped domains. The first special purpose functions have been
developed for the two-dimensional plate bending problem using the Kirchhoff plate theory
[224], 1§]. An infinite wedge domain is examined and an exact analytical solution for spe-
cific boundary conditions is defined, which represents the singularity in the corner and can
be added to the original wave function set. Since such a solution only exists for a specific
type of boundary condition, the solution of the static problem is examined to define special
purpose functions for arbitrary boundary conditions. This concept has been extended to
treat singularities in two-dimensional acoustic problems [225 220] and plate membrane
problems [I98], although it is shown that in certain configurations, logarithmic singular-
ities are present, which cannot be handled by the proposed approach. Special purpose
functions for the two-dimensional Biot model are only available for the so-called sliding
edge boundary conditions [226} 222, 220], due to a lack of analytical solutions of the static
problem for other combinations of boundary conditions. Therefore, another approach is
shown in [227], where a coupling of the FEM and the WBM is proposed. The FEM is
used to model the areas in the vicinity of the singularities, while the WBM is applied to
the rest of the problem domain.

Multi-Level WBM

The requirement of the WBM that the domain has to be decomposed into convex sub-
domains especially limits the method if a bounded domain contains several inclusions or
multiple scatterers are present in an unbounded domain. To overcome these limitations,
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a multi-level approach has been proposed, where every inclusion (scatterer) is treated as
a separate level and the superposition principle is applied to link all levels through the
weighted residual method [14]. The problem geometries, which appear at the different lev-
els, are very well suited for the application of the WBM, since in general only a low number
of convex sub-domains is required for moderately complex inclusions (scatterers).

The Multi-Level WBM is first applied in [228] and [174] for two-dimensional acoustic prob-
lems with multiple scatterers in unbounded domains. The extension to three-dimensional
unbounded acoustic problems is shown in [I72] and in [229] symmetric boundary condi-
tions for the Multi-Level WBM are derived to improve the computational efficiency for
symmetric two- and three-dimensional acoustic problems. The application of the multi-
level approach to bounded problems with multiple inclusions is shown in [I75] 230] for the
two-dimensional acoustic and membrane problem, in [I3] for the two-dimensional plate
bending problem (Kirchhoff plate theory) and in [231] for the two-dimensional Biot equa-
tions (poroelastic material).

A very similar approach is shown in [232] for certain concave problem domains without
inclusions. A complement-graph conception is applied, which enables the analysis of con-
cave geometries without a partitioning into convex sub-domains. Therefore, the concave
problem domain is supplemented by artificial convex sub-domains to finally yield a con-
vex geometry. The proposed method is used to analyze two-dimensional plate bending
problems.

Hybrid WB methods

Another possibility to enhance the WBM is the combination of the WBM with another
numerical method, e.g. FEM, BEM, SEA or the Transfer Matrix Method. If each method
is applied according to its own strengths, powerful hybrid methodologies can be obtained,
which combine the advantages of both approaches.

a.) Hybrid Finite Element-Wave Based Method (FE-WBM)

The hybrid FE-WBM uses the geometric flexibility of the FEM to model the complex parts
of the problem domain, while the WBM is applied in the remaining moderately complex
areas to retain the computational efficiency. Several different coupling approaches are
proposed to ensure the continuity between the FEM and the WBM domains.

The first hybrid FE-WBM approach is presented in [96] for two-dimensional acoustic prob-
lems in bounded domains. Three different types of auxiliary frames (Lagrange multiplier
technique) are proposed to indirectly couple the FEM to the WBM, a pressure frame, a
velocity frame and an equivalent velocity frame. Several applications of the hybrid FE-
WBM applying a velocity frame are shown in [233] and [234] for two-dimensional bounded
acoustic problems. A direct coupling approach is investigated in [235] and it is stated that
the convergence rate of the direct and indirect coupling methods is very similar. A two-
dimensional vibro-acoustic problem is examined in [236], where the structural domain and
the adjacent acoustic domains are discretized with the FEM and the remaining acoustic
areas are modeled with the WBM.
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The extension to three-dimensional acoustic problems in bounded domains is presented in
[237] and three different direct coupling approaches between FEM and WBM, the pressure-
velocity coupling, the impedance coupling and a mixed impedance-pressure coupling, are
proposed. A comparison of direct and indirect coupling approaches for three-dimensional
acoustic problems in bounded domains can be found in [99] and [238]. In [239] a three-
dimensional vibro-acoustic problem is analyzed with the hybrid FE-WBM, where the
structural components are modelled with the FEM and the WBM is used in the acoustic
domain. A direct coupling between the structural and acoustic domain is implemented.
The same approach is used in [240] to study the sound transmission through a panel.

A further increase in the computational efficiency can be gained if a model reduction
technique is applied to the FEM part of the hybrid FE-WBM. In [241] [I0I] a modally
reduced structural FEM model, where the uncoupled structural modes are used to reduce
the degrees of freedom, is directly coupled to an acoustic WBM model to solve three-
dimensional vibro-acoustic problems. The analysis of three-dimensional interior acoustic
problems is shown in [242] 243], where a direct coupling approach is applied to link a
modally reduced acoustic FEM model to an acoustic WBM model. The Craig-Bampton
approach is used to reduce the FEM model and a further optimization of the method is
achieved, by applying a projection approach to the static constraint modes. A summary
of these enhancements can be found in [230] and an application to a large-sized vehicle
model in [244].

The hybrid FE-WBM for two-dimensional acoustic problems in unbounded domains has
been developed in [I72]. The FEM is used inside the truncation surface to model the
complex geometry, while the WBM is applied in the exterior domain. The methodology
is similar to the so-called DtN map, but is numerically more efficient [245].

The application of the hybrid FE-WBM to structural vibrations is shown in [246] for the
plate membrane problem and in [I7] for combined plate-beam problems, where the beams
are modelled with the FEM and a direct coupling to a WBM plate model is implemented.

Finally the extension of the hybrid FE-WBM to the Biot model is carried out in [247] and
[227]. The hybrid FE-WBM is especially used to treat corner singularities as mentioned
in a previous section. In [248] and [20] a three-dimensional bounded acoustic problem
coupled with a trim layer (poroelastic material) is analyzed with the hybrid FE-WBM.
The acoustic domain is modeled with the WBM and the poroelastic material with FEM,
which allows for a detailed description of the trim layer.

b.) Hybrid Boundary Element-Wave Based Method (BE-WBM)

Even though, the Multi-Level WBM leads to a significant improvement of the applicability
of the WBM in case of several inclusions (scatterers) in the problem domain, only moder-
ately complex inclusions (scatterers) can be handled due to the convexity requirement of
the WBM. To overcome this limitation, the hybrid BE-WBM has been developed. The ge-
ometrical flexibility of the BEM is used to model the complex inclusions (scatterers), while
the WBM is applied for the moderately ones to improve the computational efficiency.

In [249, 229] the hybrid BE-WBM is developed for two- and three-dimensional acoustic
problems in unbounded domains. Similar to the Multi-Level WBM, simple scatterers are
described in separate levels by the WBM, while the complex scatters are modeled with the
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BEM in one single level. The superposition principle and a weighted residual approach is
applied to combine all levels in one system of linear equations.

The extension of the hybrid FE-WBM to two- and three-dimensional acoustic problems in
bounded domains is shown in [250] and [251]. The complex inclusions are modelled by the
BEM, while the moderately complex bounded domain and simple inclusions are described
by the WBM. A significant increase in computational efficiency is reported compared to
the FEM.

c.) Hybrid Wave Based Method-Statistical Energy Analysis (WBM-SEA)

Depending on the frequency, each subsystem of a structure may have a different vibrational
behaviour. While in the low frequency range, all subsystems can be accurately described
by deterministic methods, statistical approaches have to be applied in the high frequency
range due to the high dependency of the system response to uncertainties. In the so-called
mid-frequency range, some of the subsystems still have a deterministic behaviour, while
others have to be described in a statistical way. Therefore, the hybrid WBM-SEA has
been developed, where the deterministic subsystems are modeled with the WBM, while
the statistical subsystems are described by the SEA.

In [252] the hybrid WBM-SEA is developed for three-dimensional vibro-acoustic problems
in bounded domains, following an approach shown in [253] for the hybrid FE-SEA. A
deterministic acoustic WBM model is coupled to a SEA plate model. An interface grid is
applied to couple the indirect deterministic WBM to the SEA. Further applications of the
hybrid WBM-SEA can be found in [13].

d.) Hybrid Wave Based-Transfer Matriz Model (WBM-TMM)

Another hybrid method, the hybrid Wave Based-Transfer Matrix Model (WBM-TMM), is
developed in [254] to predict the transmission loss through a multilayered thin structure
by analysing two acoustic chambers separated by the investigated panel. The WBM is
used to model the acoustic chambers, while the multilayered panel is modelled with the
TMM. In [255] this approach is extended to multilayered structures with air cavities. A
slightly different approach is used in [20] and [256] to couple the WBM and the TMM. The
method is applied to vibro-acoustic simulations, especially to investigate the absorption
and transmission characteristics of multilayered materials.

Other improvements and extensions

Several other improvements and extensions of the WBM have been made, which do not
belong to the categories listed above. In [I76] B-splines are used to model the problem ge-
ometry to improve the geometric flexibility of the WBM and different integration schemes
are investigated and applied to two-dimensional acoustic problems. Different types of wave
function selections are proposed in [257] and the effects on the convergence rates of the
WBM are investigated. Attempts to increase the accuracy of the WBM are shown in [258],
where the so-called V-Cycling method is applied and three different strategies, the Matrix
Subdivision approach, the Optimization approach and orthonormal wave functions, are
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implemented. An enrichment of the classical wave function set to incorporate a priori
information of discontinuities in the boundary conditions is developed in [259].

A boundary and interface error indicator-controlled adaptive local refinement strategy for
the WBM is proposed in [260] and [261] for three dimensional acoustic problems in un-
bounded domains. A low number of wave functions is used in an initial step and depending
on the boundary and interface residuals, the number of wave functions is increased until
a certain residual goal is reached.

In the WBM an analytical particular solution is required to transform the inhomoge-
neous partial differential equation(s) to homogeneous one(s) (see Section [4.1)). In general,
such analytical solutions are only available for simple source terms, e.g. a point source.
Therefore, two different approaches are proposed in [19] and [20] based on the numerical
integration of the point source solution and the decomposition of the applied source into
the wave number domain. The methods are tested for two-dimensional plate vibration
problems under distributed deterministic and random excitation.

In [262, 13] a very efficient way to perform a Monte Carlo simulation with the WBM is
shown, where randomly distributed point masses are added to a plate. Another approach
to include non-deterministic input parameters is developed in [263] by introducing the
interval perturbation WBM and the hybrid perturbation WBM.

Several potential application areas of the WBM are reviewed in [264], [265] and [266].

4.3.3 Applications of the WBM to engineering problems

The sound transmission loss of finite lightweight multilayered structures is examined with
the WBM in [267] and a comparison to measurements and the TMM shows very good
results. The absorption, reflection and transmission coefficients of two-dimensional rigid
frame porous structures with periodic inclusions are investigated in [268] using a unit
cell model and the Bloch-Floquet boundary conditions. Therefore, the wave functions for
periodic semi-infinite two-dimensional acoustics problems are derived and applied in the
WBM. The acoustic performance of sound absorbing materials has been investigated in
[219] using an equivalent fluid model for the porous material.

The sensitivity of a vibro-acoustic model to changes in the design parameters has been
investigated in [269] by applying the WBM and the direct differentiation method, while
in [270, 271] the WBM and the adjoint variable method are applied to investigate the
sensitivity of a two-dimensional acoustic problem. In [272] the hybrid FE-WBM has been
applied for a topology optimization of bounded acoustic problems, where the non-design
domains are modeled by the WBM, while the design domains are described by a FEM
model. A great increase in computational efficiency compared to a pure FEM model is
reported. The optimization of an acoustic lens design has been carried out in [273] by
applying the multi-level WBM and a genetic algorithm.

In [274]) the WBM is used for the calculation of the structural intensity in a plates, while the
frequency averaged input power into plates is evaluated in [275] by applying the Lorentzian
function as weighting function.
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An efficient optimisation of local vibration control treatments for structural components
is presented in [276] using the WBM and multilayered damping models are investigated
in [277].
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5 Particular solution functions for plate
bending vibrations

As outlined in Section[4.1.2] a particular solution function is required if the WBM is used to
solve inhomogeneous partial differential equations. Especially for plate bending problems,
an analytical closed-form solution is only available in the literature for an undamped
isotropic plate under point force excitation. To extend the applicability of the WBM
to other excitations, Jonckheere et al. [19] developed two methods, which allow for the
introduction of distributed excitations in the WBM for plate vibrations. The first method
uses a numerical integration of the point force solution (Hankel-based approach), while in
the second approach the Fourier transform is applied to decompose the distributed load in
the wavenumber domain (Fourier-based approach). The Hankel-based approach requires
the numerical integration of highly oscillating functions for each response point and is
therefore computationally demanding, especially for large excitation areas. The Fourier-
based approach performs very well if the forward and inverse Fourier transform can be
calculated analytically. For localized discontinuous loads, the Fourier-based approach leads
to inaccurate results, since the so-called Gibbs phenomenon appears [20].

In this chapter, the point force excitation of Kirchhoff and Mindlin plates is reviewed and
damping through a complex Young’s modulus is introduced. To extend the applicability
of the WBM, the closed-form solutions for harmonic vibrations of Kirchhoff and Mindlin
plates subjected to a constant harmonic ring load, a constant harmonic circular load and
an alternating harmonic circular load are derived. Two different approaches are applied to
define closed-form analytical solutions. The first approach uses the analytical integration of
the harmonic point force solution, while the second approach applies the Hankel transform
to solve the inhomogeneous partial differential equations.

In Section the Hankel transform, the residue theorem and Jordan’s lemma, which are
required to derive the new particular solutions, are stated. The solutions for the Mindlin
theory are developed in Section and the solutions for the Kirchhoff theory are derived
as special case of the Mindlin solutions in Section [5.3

5.1 Basic mathematical principles

The Hankel transform is a powerful integral transformation technique for axisymmetric
problems, e.g. the plate bending problem under point force excitation. Its definition
and properties, which are used to solve the subsequent problems, are stated in Section
Especially the inverse Hankel transform requires the integration of complicated
integrands over infinite limits. Therefore, in Section [5.1.2]the basics of the residue theorem
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5 Particular solution functions for plate bending vibrations

and Jordan’s lemma, which are very useful tools to evaluate these kinds of integrals, are
shown.

5.1.1 The Hankel transform

The Hankel transform is an integral transformation technique, which is used in the follow-
ing sections to solve the axisymmetric plate vibration problems. The forward and inverse
Hankel transform of order zero and one are defined by [278]

A0 = Flhe) = [~ £y Itk dr, (1)
A [Flkn] = 1) = [ Flk) by Jothr) (52)
W] = Jk) = [ 0310 dr (53)
A7 [F)] = 10y = [ Tl k) (5.4)

with f(k,) the zero-order and f(k,) the first-order Hankel transform of the the function
f(r) and J,(e) the n'"-order Bessel function of the first kind. The operational properties
of the Hankel transform [278]

Ay l( ¢ 14 )f(r)] = —kZ f(kr), (5.5)

dr? "7 dr

df(r ~

<%ﬁl|: J;( ):| = _k’f‘ f(kv")7 (5'6)
r

are used in the subsequent derivations, to transform partial differential equations into

algebraic ones.

5.1.2 The residue theorem and Jordan’s lemma

The residue theorem is a method in complex analysis, which allows for the evaluation of
line integrals over closed curves in the complex plane. Even though, the residue theorem
is defined for integrals over closed curves in the complex plane, the evaluation of integrals
on the real axis ranging from —oo to oo is possible. If Jordan’s lemma is applicable, the
residue theorem results in the integral formulas [279)

27j i Rei[f(z)ejaz} +7j f: Res [f(z)ej‘”] a>0,
k=1

/oo f(z)el®®dx = k;l T - . (5.7)
- —QWjZ Res [f(z)ej‘”}—WjZfies{f(z)ej“Z} a <0,
k=17=% k=1~ "%

where z,j are poles in the upper half plane, 2z, poles in the lower half plane, py poles

on the real axis and Res[e] is the residue at the pole. Equation (5.7) is only valid if the
condition
lim f(2)=0 (5.8)

|z]—+o0
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5.2 Particular solutions for the Mindlin plate theory

is satisfied [279]. There are several methods for the evaluation of residues. Since only
simple poles appear in the subsequent calculations, the formula [279)

Res [f(z) ej“] = lim (= — 2) f(2) (5.9)

z=2zk

can be applied, which is valid for simple poles z # oo.

5.2 Particular solutions for the Mindlin plate theory

In this section, the particular solution function for a Mindlin plate under harmonic point
load excitation is reviewed and a comparison with existing solutions is carried out. New
solutions for a harmonic constant ring load, a harmonic constant circular load and a
harmonic alternating circular load are derived with two different approaches, the analytical
integration of the point force solution and the direct use of the Hankel transform.

An infinitely extended Mindlin plate is considered in the following and therefore no bound-
ary conditions have to be fulfilled. The governing equations in terms of displacements
for the out-of-plane deformation, given in Equations ([2.52) - ) for Cartesian coordi-
nates, can be transformed into a polar coordinate system {7“ ¢, z} using x = r cos(p) and
y = r sin(p). For axisymmetric problems, the deformation is independent of ¢ and the
governing equations for harmonic vibrations are simplified to [280]

1 phd3w? k2Gh
2
_ . — s+ — | =0, 5.10
(va St e o - S (e ) (5.10)
d 1 5  pw? 1
— 4+ 2 ), r= =0, A1
(dr+r>w +<V Trea) Tean’ ™’ (5.11)
where V2 = de + ;@ is the two-dimensional Laplace operator in polar coordinates for

axisymmetric problems, ¢, = 1, cos(y) + 1, sin(p) is the positive rotation about the
p-axis and the moment loadings are set to m, = 0 and m, = 0. Since the problem is
axisymmetric, the negative rotation about the r-axis 1, = —1, sin(¢) + ¥, cos(yp) = 0.
Rewriting Equations and leads to a decoupled differential equation for the
out-of-plane displacement

(V24 k7)) (V2 + ko )w = —% (V2+ REy —S7)q (5.12)
and the rotation is given by
by = (Rk§—S_1>_1£<<V2+Sk§+5_1>w+gq) (5.13)

In Equations (5.12)) and (5.13)), the flexural wavenumbers, defined in Equations ([2.66]) and
(2.67]), and the constants given in Equation (2.69)) are used.

Instead of solving Equation ({5.12]) directly, the zero-order Hankel transform can be applied,
which leads to

. S(k2-RE}+S7Y -
w = - (kg - k?@l)b(kg - kfcz) 7, (5.14)
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5 Particular solution functions for plate bending vibrations

where the operational property of the Hankel transform, shown in Equation (5.5)), is used.
Similarly, the solution of Equation (5.13)) can be determined from the first-order Hankel
transform

v, = (Rkj — Sfl)_1 k;((k;2 — Sky— S - f’);j)

k. - (5.15)

D(k,% - k}l) (k,% - kfcg) ¢

where Equations and are applied. If the zero-order Hankel transform of the
external normal load 7 is known, the inverse Hankel transforms of Equations and
lead to the solution of the out-of-plane displacement w(r) and the rotation . (r) in
the spatial domain.

5.2.1 Point load excitation
An external normal point load at the origin of the coordinate system (z =0 and y = 0 or
r = 0) is defined by

9o 0(r)

2rr

onint (l‘, y) = % 6(:6) 6(y) or onint(r) = ) (516)

where @, is the amplitude of the harmonic point load and d(e) the Dirac delta function.
The corresponding zero-order Hankel transform is given by [278]

= q
qpoint(kT) = i (517)

Using Equation (5.17) in Equations (5.14)) and (5.15) and applying the inverse Hankel

transform leads to the solution of the out-of-plane displacement and rotation in an integral
form

Sqy [* k- Rkl4+S7!

2m D Jro (k2 - k2,) (K2 — k3,)
QG [ k7

20D Jr=o (k2 - k3,) (K2 — k3,)

A closed-form solution of these integrals can be obtained, using the integral representations
of the Bessel function of the first kind [281]

wpoint(r) = ki Jo(k)r T’) dk,, (5.18)

¢r, point (T) = J1 (kﬁr T) dkr (519)

2 oo
Jo(kr 1) = — / sin(k, r cosh(u)) du, (5.20)
T Ju=0
2 [oe]
Ji(kpr)=—— / cos(ky r cosh(u)) cosh(u) du, (5.21)
T Ju=0
and interchanging the order of integration
2 1
Wy () = 0 / / o Rkb S g sin(k, v cosh(w) dky du, (5.22)
72D =0 _ )(k:2 _ k:22)
k2 h
Vr, point (T / / cosh(u) cos(k, r cosh(u)) dk, du. (5.23)
v oo (k7 — k) (k% — k5, )
f2
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5.2 Particular solutions for the Mindlin plate theory

Both integrals are symmetric with respect to k, and therefore can be written as

4 1
point(r) = —-00] / / TR, TS ke o) g, (5.24)
271'2D = )(k2—k‘22>

) k2 cosh(u)
rn?) = 58D o oo 1) (12 )

efj kyr r cosh(u) dk;r du, (525)

since an integral of an odd function vanishes for a symmetric integration interval. The
residue theorem and Jordan’s lemma can be applied to perform the integration with respect
to k.

In the following calculations, it is assumed that the material loss factor n > 0. The
special case of an undamped plate is considered at the end of this section using the limit
absorption principle stated in [282]. The integrands in Equations ([5.24]) and (| - ) have
the same first-order poles, which are given by

ki =kpn with Im[k,1] < 0 independent of w,

[Kr1]
kro = —kp1 with Im[k,2] > 0 independent of w,
kps = kyo with Im[k,3] > 0 for w < w. and Im[k.3] <0 for w > we,
(K4

kra = —kyo with Im[k,4] < 0 for w < w. and Im[k.4] >0 for w > we,

with kg = \/712‘1 and Ky = \/k:T%Q (principal square roots), w. the so-called cut-off
frequency and Im|e] the imaginary part of a complex number. While for the undamped
case (n = 0) the cut-off frequency is given by w, = \/lf:g [51], an explicit formula for w, is
not available in the general damped case (n > 0). The implicit function g, (w) = Im [k]z@]
can be used to numerically calculate w,, by evaluating the condition g, (w = w.) = 0.

Comparing the general integral formulas in Equation (5.7) with the integrals in Equations

(5.24) and (5.25)), it is apparent that the parameter a = —r cosh(u) < 0 and therefore,
only simple poles in the lower half-plane contribute to the final results. Using Equation

(5.9) and defining

k2 — Rk} + 51 .
Gu(hr) = 77— b ;L o ke ki cosh(u) (5.30)
(kr - kfl) (kr - ka)

k? cosh -

g T(kr) _ . COS (U) e krr cosh(u)7 (531)

¥ 2 2
(= k32) (k2 = )

results in the residues at the simple poles

k}, — Rky+ 57!

Res [gw(k:)] = e kT COSh(“), 5.32
N (% — k%) o
k2, — Rkr+ st
Res [gu (k)] = ——2—— etikrar cosh(u) (5.33)
B )
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5 Particular solution functions for plate bending vibrations

kg1 cosh(u)

Res [gy, (k)] = ———— 2 ¢TIk cosh(u) (5.34)
bt 2 (kj%l - k%z)
k h .
Bes [g#;r(kr)] -+ fZQCOS (;1') oEikpar cosh(u) (5.35)
kr=Fkp2 9 (kfl . kfz)

The Heine’s formulas for the integral representation of the Hankel functions [283]

H((]l)(z) = —% OOO el # cosh(u) gy, 0 < arglz] < m, (5.36)
H((JQ)(Z> = % /000 ez coshlw) gy —7 < arg[z] < 0, (5.37)
Hgl)(z) = —% /u:oo el cosh(u) cosh(u)du, 0 < arglz] <, (5.38)
HEQ)(»Z) = —% /UO_OO e71%osh(®) cosh(u) du, —m < arg[z] <0, (5.39)

with H,(q,l)(o) and Hg)(o) the n'M-order Hankel functions of the first and second kind, can
be applied to perform the integration with respect to u. The final results are given by

Jq0 1 (2) 1 (2)
Wpoine(r) = ( H (ki ) — HO (Fhpar)),  (5.40)
’ 4D (K3 — k3,) \m =17 P
br, point (1) = 1% (kpr B (k1 7) = ko HY (Fgar)), (5.41)

4D (k2 — k3,)
where the upper signs have to be applied for w < w, and the lower signs for w > we. In

the derivation of Equations (5.40]) and (5.41)), the relations between the Hankel functions
[284]

. . . . 1 1
Ho(2) = —H (j2),  HPG2)=H(-2), —gw<agll<gm  (542)

are used. The final results in Equations (5.40) and (5.41)) can be presented in a different

form

i q 1 1
wpoint(r) = - 190 ( Hél) (_kfl T) - m Hg)l) (:l:ku T)) )

2 1.2 —1
1P =) (5.43)
_ [ ( 1 Ko 1 . '
=— o(ikpir) — Ko(Fikyrar) ),
27 D (k3 — K3,) \m — 1 S| /
Ja
br, point (1) = — e (b B (ko) £ kpp HYY (ko) )
4D (K3, — k3,) -

190 . i
= (k1 Ka(Gkpir) £ kpa Ka(Fikpar)),
27D (K3, — k3,)

applying Equation ([5.42)) or the relations [284]
1 1 1
Ko(z) = —5 miHp (<j2),  Ki(2) =~ nH(-jz), —om<argl]<m  (5.45)

with K, (e) the n*'-order modified Bessel function of the second kind.
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5.2 Particular solutions for the Mindlin plate theory

The out-of-plane displacement wpoint () and the rotation ¢, peint(r) of a steel plate (E =
2.1 x 101 N/m?, p = 7850kg/m?3, v = 0.3, h = 2mm) excited by a point load g, = 1N at
angular frequency w = 1200 rad/s are shown in Figure The shear correction factor kyy
is applied and the material loss factor 7 is varied from 0 (undamped plate) to 0.5 (highly
damped plate). It is apparent from Figure that the displacement and rotation decay
with rising distance from the source point. As expected, the decay is more pronounced

for higher damping values.

Re[wpoint] [m]
Re W}r, point] [rad]

—n=0
——- 1 =0.05
-~ -n=05

— =}
& £ )
'z 3
2 2
B i
E % ~1.5 — =0
' ---1n=0.05 = ' ---n=0.05
_9 |
=05 -2 --n=0.5 ||
—2.5 ‘ ‘ I —925 w \ x
0 0.5 1 1.5 2 0 0.5 1 1.5 2
7 [m] 7 [m]
(a) Out-of-plane displacement (b) Rotation about the p-axis

Figure 5.1: Out-of-plane displacement wpeint and rotation about the yp-axis 1y, point of an
infinite Mindlin plate excited by a harmonic point load at r =0

Limit absorption principle - the undamped plate

According to the limit absorption principle, which is stated in [282], a purely elastic solid is
an idealization of a weakly absorbing material and therefore the solution of the undamped
plate can be found by the limiting case n — 0. Since kfcl is always real positive for n — 0,

the principle square root ky = ,/lc]%1 is also real positive. Depending on the frequency,
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5 Particular solution functions for plate bending vibrations

k‘% is either real negative (w < w,) or real positive (w > w.). The principle square roots
are therefore given by ko = j ‘k?z‘ (w < we) and kyfp = ,/k:]%2 (w > we).

The results for an undamped plate excited by a harmonic point load, given by Rose
and Wang [51], lead to the same amplitude as the results given in Equation , but
are complex conjugated. A numerical integration of Equations and for an
arbitrary parameter set agrees with the results shown in Equations (5.43]) and (5.44) and
therefore it is assumed that the presented derivations are mathematically correct.

Point load at an arbitrary point of the coordinate system

If the point of excitation is not located at the origin of the coordinate system, but at an
arbitrary position (7, @), see Figure a shift of the coordinate system can be performed
to calculate the out-of-plane displacement wpeint(7, ¢) and the rotations 1y, point(, ¢) and
Yo, point (1, ). Transforming the solutions wpeint(r1) and 9r, point(r1) to the coordinate
system (7, ¢) leads to

i q, 1 1
Wpoint (T, p) = J2 0 5 < HE (k1 d) - — HE (Fky2 d))a (5.46)
4D (K3, — k3,) i

iGn (r — 7 cos(p — &
W, point (1, ) = — 120 ( o= ¢)) (kfl H® (kg1 d) £ kp2 B (g d)), (5.47)
4dD (k2 ~ k3,)

1Go 7 sin(p — @
Yo, point (T, 9) = — 140 (p=9) (kfl H§2)(kf1 d) £ kyo H§2)(¢/€f2 d)), (5.48)
4dD (k3 - k3,)

with the distance of the response point P to the point of excitation

d=\/r2 +72 —2ricos(p — @), (5.49)

Figure 5.2: Point load at an arbitrary position (&, 9)
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5.2 Particular solutions for the Mindlin plate theory

5.2.2 Other axisymmetric load cases

In this section, the solutions for a Mindlin plate excited by a constant harmonic ring
load and a constant harmonic circular load, shown in Figures and [5.3D] are derived.
Since the problems are axisymmetric, two different approaches can be used to find the
solutions. In the first approach, an analytical integration of the point force solution, given
in Equations - , is performed, using the addition theorems for Bessel functions.
A similar technique has been applied in [285] for the analysis of pavement structures. The
second technique is based on the Hankel transform and a direct evaluation of the resulting
integrals.

(a) Constant ring load (b) Constant circular load

Figure 5.3: Other axisymmetric load cases

Constant ring load
The constant ring load, illustrated in Figure is given by

q'rmg( ) - QO 5(7X - TO)» (550)

where @ is the load per unit length and 7y the radius of the constant ring load. Since the
governing equations of the Mindlin plate theory are linear partial differential equations,
the solution for an arbitrary distributed load can be found by an integration of the unit
point force solution multiplied by the load distribution. This results in

27
Wring(129) = [ [ Gring ) poina (10,7, 2) P 7, (5.51)
2w
QIZ)T rmg / / —0 qr‘zng wr pomt( v; 4,5) ’ngb df, (5.52)
PR
wgo,rmg / / qrmg wcp,pmnt( r,e,r 7 ()5) vdgb dﬁ (553)
F=

where Equations ([5.46]) — (5.48]) are applied.
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5 Particular solution functions for plate bending vibrations

The integrals with respect to ¢ can be evaluated using the addition theorems for Bessel
functions [281] 283]

H?%vz):Jb@a)H?%vm4azfme«wwH$NWMC%on5» (5.54)
m=1
D - @) sin((m 4 1))
Hy mZ::o Im+1(va) Hyy (7D) T sm(g) (5.55)
b‘ifﬂﬂﬂ¥%vz>: if Im(ra) s () ™7, (5.56)

with z = /a2 + 0% —2abcos(B) and the restriction b > a > 0. Applying the integral
formulas for trigonometric functions

27T . . 2 =0
/ eIme=P qp =T ™ , (5.57)
p=0 0, meZ|m#0

2m 2m, m=20
cos(m (¢ — @))dp = ’ , 5.58
Ld) (m (¢ — $)) d {Q N Zim 0 (5.58)
27
/ sin(m (¢ — $))dg =0, meZ, (5.59)
G=0
leads to
/OO 7., () (2 HP (kg )
o ring [ — 1 )
(2) r > r,
Jo(Fh27)Hy ' (Fhpar) \ . |
— 7 dr,
i po — 1
wm’ng(r) = 5D (k2 2 ) (560)
11~ ko /oo () Jolkpyr) HE (kg 7)
o QMng [ — 1 )
(2) r < r,
Jo(Fkpar) Hy (Fkp2) \ . .
— 7 dr,
po — 1
/ Tring () (k1 Jo(er 7) HY? (e 7)
T= r>T,
. thypo Jo(Fhya7) ng)(ijfz 7“)) rdr,
Ur,ring (1) = . (5.61)
2D (K} — k) | o HO (1 ¥
f Gring(T )(k‘fl Ji(kprr) Hy” (kg1 7)
=0 r <7,
o J1 (Fhpa 1) HY (Fhp 7)) 7 dF

Yo, ring(r) =0, (5.62)

where the cases r > 7 and r < 7 have to be distinguished. Since the problem is axisym-
metric for the chosen coordinate system, the results are independent of ¢ and the rotation
Yy, ring(r) is equal to zero.
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5.2 Particular solutions for the Mindlin plate theory

The integration with respect to 7 leads to the final results

<J0(k}f1 T’O) H(()Q)(kfl T’)

pr—1
T > T,

~Jo(Fkp2mo) HE (Fk 7“))

- o — 1
Wring(r) = quwo 5 (5.63)
2D (kfl - kﬂ) <J0(kf1 r)HE (kg1 o)

pr—1

r <Tro,

~ Jo(Fkpar) HY (Fhpa o)
p2 —1 ’

(kg1 Jo(kgr o) HY (kga )

. ko Jo(Fhipa o) HYY (Fhpo T))’
—jqo T o
wn ring(r) = 2 D (k20 - k2 ) (564)
f1 2 (kfl Jl(k‘fl T) H(()Z)(kfl 0)

T >,

r <o,

thyo 1 (Fhyo ) HEY (Fhpa o) ),

where the integration property of the Dirac delta function is used. From Equation (5.63)) it
is apparent that the out-of-plane displacement is finite at » = 0 and continuous at r = rg.
The formula for the Wronskian determinant of Bessel functions [284]

2i
X

J1(2) HP () = Jo () H? (2) = (5.65)

can be applied to show the continuity of the rotation ;. ,ing at r = ro.

In the second solution technique, the zero-order Hankel transform of the constant ring
load

Ering(kr) =qpTo JO(kr TO) (566)

is combined with the transformed solutions of the Mindlin plate given in Equations ([5.14))
and (b.15)) and the inverse Hankel transform is applied

Sq % k2 — Rk} + ST
Wring(1) = 70 r b+ k. Jo(ky ) Jo(ky 7o) der, (5.67)

D S0 (k2 = k3,) (2 - #%,)
. = Doro [* kz
Yr,ring(r) = (}) k=0 (k:? - qu) (kvg - kJQ‘2)

The evaluation of these integrals can be done by the general formula for integrals involving
products of two Bessel functions [286]

Jl(k}r 7’) Jo(k}r 7’0) dkr. (568)

oo ph—v+20+1 ¢ avios
/_0 P Julpx)Jy(qx)dr = (-1)"a" Ku(pa)Il,(qga) ¢ € Ny, (5.69)
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with the restrictions
—(£+1) <Re[p] <Re[y] —24+2 and p>q and — g < argla] < g (5.70)
and I,,(e) the n*P-order modified Bessel function of the first kind. Using the partial fraction

decompositions

S(k?— Rk} + 571 1

-1 1
= + , (5.71)
(k2 —k3,) (K2 —k3) KR = ((m =1 (k7 — k7))  (u2—1) (k7 — k?2)>

ke 1 Bk
K2 —k2)) (k2 —k2,) KR — kR \K—kj kP -k
(8 = ) (47 = 1) (5.72)

B 1 ( Ko kh )
- 2 2 2 2 ’
(K3, — k3,) \F? =K k2 =Ky

and the parameters p = 0, v = 0 and [ = 0 to evaluate the integral in Equation (5.67))
and the parameters u =1, v =0,l=0forr >rgand u=0,v=1,1=0 for r < g to
integrate Equation ([5.68)) result in

(Io(j kgiro) Ko(jkp17)
pw—1
To(Fikraro) Ko(Fi k2 7“))
_ 1 ’
Wring(r) = ——2010 . (5.73)
D (K = F3,) (1o Kol )
1 —1
Do(Fikpar) Ko(Fikye To))
pe —1 ’

>0,

r <Tro,

(kr1lo(Ghriro) Ka(Ghypir)

707 ko lo(Fjkraro) Ki(Fikpar)),
Vr,ring(T) = m (5.74)
( 1 f2> (=kp1Ti(Gkr17) Ko(jkypiro)
Fhra Li(Fikp2r) Ko(Fikr270)),
which become equivalent to Equations ([5.63)) and (5.64)) if the relations between the Bessel

functions

r>To,

r <ro,

. . . 1
()= Jo(-i2), L()=ih(-iz), —n<areld<ym (5.75)
and the relations shown in Equation ([5.45)) are applied.

If the radius of the ring load approaches zero and the load per unit length is set to
To — 52 the ring load becomes equivalent to a point load. Using Jo(0) = 1 or I(0) = 1,

2mry’

it follows from Equations (5.63]) and (5.64)) or Equations (5.73) and (5.74) that wying(r) =
wpoint(r) and %, m’ng(r) = w'r,point(r) for 1o — 0.

The out-of-plane displacement wying(r) and the rotation . ring(r) of a steel plate (pa-

rameters as in the previous section) excited by a constant ring load (g, = ﬁ N/m,
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5.2 Particular solutions for the Mindlin plate theory

ro = 0.8m) at angular frequency w = 1200rad/s are illustrated in Figure The shear
correction factor kyy is applied. The out-of-plane displacement and the rotation are con-
tinuous at r = 1y and are decaying with rising r (more pronounced for higher n). The
maximum displacement and rotation are approximately five times lower compared to the
point force excitation, even though the total load is equivalent in both cases.

1077
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-9 L L |
0 0.5 1 1.5 2
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(a) Out-of-plane displacement (b) Rotation about the yp-axis

Figure 5.4: Out-of-plane displacement w;;,, and rotation about the yp-axis 1, ring of an
infinite Mindlin plate excited by a harmonic ring load with ro = 0.8

Constant circular load

The constant circular load, shown in Figure is defined by
qcirc(%) ={q H(TO - 7%)7 (576)

where g is the amplitude of the surface pressure, H(e) the Heaviside step function and rg
the radius of the constant circular load. Similar to the solution of the constant ring load,
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5 Particular solution functions for plate bending vibrations

an integration of the unit point force solution multiplied by the circular load distribution
can be applied to find the out-of-plane displacement and the rotations

27

Weire(T / / Geire(T) Wpoint (1, @, 7, @) 7 d@ dr, (5.77)
=0 =
27

wr circ 7” 90 / O/ OQ(:zrc 1/}7" poznt( @, % 95) vd()Z) d7z7 (578)
2T

Vorcire00) = [ [ i) Vil 0,7, )7 AP (5.79)

The integration with respect to ¢ is equivalent to the integrations from Equations ([5.51]) —

- to Equations ([5.60) - Applying the property of the Heaviside step function
leads to

/7‘0 (Jo(kfl #)H (kg1 7)
#=0

p1—1
r>rg,

~Jo(Fkypa7) HY (Fhpar) FdF
po —1 '

- [ Jo(ks1 7)Y (k1 7)
197 #=0 pa—1 (5.80)

D (k2, — k2 L
( . f2) ~Jo(Fkypa7) HY (Fhye T)) #dF
o —1

wcirc(r) =

r <ro,

/’”0 (Jo(k‘fl r)HE (kp1 7)
_|_
r=r M1 — 1

Jo(Fhpor) HY (Fhpa ) . .
— rdr |,
o —1

" H
/7 (k1 Jo(kp #) B (g )

gy Jo(Fhpo ) HY (Fhypa r) ) 7 dF,

T >To,

" (2
—j gy </f:0 (kg1 Jo(kga ) HY (g )
2D (K3, — k3,)

¢r, circ(r) = (5.81)

ko Jo(Fhpat) ng)@kﬁ 7’)) rdr

(kg 3 (k) B (k
+ [ (kpdu(kpir)Hy (kg1 7)

r=r

r <ro,

sy 31 (Fhya 1) B (Fhya ) 7).
Yo, cire(r) = 0, (5.82)

where the cases r > rg and r < r¢ have to be distinguished.
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5.2 Particular solutions for the Mindlin plate theory

To evaluate the integrals in Equations (5.80) and (5.81f), the recurrence formulas for Bessel
and Hankel functions [281]

d%(le(z))zzJo(z) N le(z):/zJo(z)dz, (5.83)
é(zH?)(z)):zHg?)(z) S 2HP () = / 2HO(2) dz, (5.84)

and the formula for the Wronskian determinant of Bessel functions, given in Equation
(5.65]), can be applied. The integration with respect to 7 leads to the final results

Jl(kfl 7’0) Héz) (kfl 7’)
(11— 1) kp
@) r >,
iJl(:Fk?fz ro) Hy ' (Fkpar)
(2 — 1) kyo ’
, __ Jgomro
weire(r) = 2D (K2, — K2 Jolkp ) HP (k S—, (%)
11 f2 o(kr1m) Hy™ (kr17m0) 7k 70
(Ml - 1) kfl
@) 0 r <ro,
Jo(:F]CfQ ’r‘) Hl (:Fkifg ’I“o) + ka; -
(2 — 1) kg ’
Ji(k 12 (&
1(kprmo) Hy” (ki)
@) r>To,
. —J1(Fkparo) By (Fkso T))7
—Jd4oTT0

d}r,circ("") = 5D kQ kz (586)
(51— #) (I (kg ) HE (kg1 70)
r <Tro,

—Ji(Fkpar) ng) (Fks2 7“0)) ,

where the continuity of the rotation v, circ at 7 = rg is apparent from Equation ({5.86)
and can be shown for the out-of-plane displacement w;.. by using Equation (5.65]).

The results in Equations (5.85)) and (5.86|) can also be derived by the Hankel transform of
the constant circular load, which is given by
= _qoTo

QCirc(kT) - L Jl(kr TO)- (587)

Using the transformed solutions of the Mindlin plate (Equations (5.14]) and (5.15))) and
the inverse Hankel transform leads to

Weire(T) = Sqro [ k2 — Rk} + 5!
S CRUNCREEN

DT [ "
Uy, cire(T) = (}) k=0 (k;% — kfcl) (k% - k12”2>

Jo(kr 1) J1(Ky 7o) dsy, (5.88)

J1(ky ) 31Ky o) dEy. (5.89)
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5 Particular solution functions for plate bending vibrations

The integrals in Equations (5.88)) and (5.89)) can be evaluated by the general formula given
in Equation and the partial fraction decompositions, shown in Equations @ and
. The parameters p = 0, v = 1 and | = 0 have to be applied to solve Equation @
for r > rg, while an expanding of the fractions in Equation (5.71]) to

o (’“2 - 1), (5.90)

Rk R\ =k,

1 1 k?

Y e — | 5.91
Ry k;2<kz_k;2 ) (5:99)

is necessary to find the solution of Equation for r < rg. After the expansion, the
parameters u = 1, v = 0 and [ = 0 can be used to evaluate the integrals involving the
rational terms while the integrals with the constant factors are forms of discontinuous
Weber-Schaftheitlin integrals [281]

o0 0, <
/ Jo(gz)Ji(pz)de = {1 p=1 (5.92)
=0 p P>4a

Finally, the parameters © = 1, v = 1 and [ = 0 are used to evaluate the integrals in
Equation (5.89), leading to

Li(jkriro) Ko(jhpir)
(1 —1) kg1

T > T,
Li(Fjkfaro) Ko(Fj ks 7“))

+

(2 — 1) kyo

wcirc(r) & . . . (593)
D (k2 - k2,) (_Io(J k) K (ko) +

(1 —1) kg

r <ro,

Lo(Fiksar)Ki(Fiksaro) F kfgro
+ )
(H2 — 1) kg2

(LG kpiro) Ki(Gkpir)
qo 70 —Ii(Fjkparo) Ki(Fjkypar)),

U, cire(1) = W ' ' (5.94)
7 02) | (G kpr) Ka(jRgiro)

—Li(Fjkpar) Ki(Fjkraro)),

which become equivalent to Equations and if the relations between the Bessel
function in Equations and are applied. The point force solution can be found
as a limiting case of Equations ([5.85)) and (5.86) or Equations (5.93) and (5.94)) by setting
qo — Wq—% and using the limits

r >,

r <Tro,

Jl(z 7“0)

. z
rl()lgo 70 N 57 (595)
. Li(zrg) =z
lim — = —. 5.96
Tolglo 70 2 ( )
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5.2 Particular solutions for the Mindlin plate theory

In Figure the out-of-plane displacement wer.(r) and the rotation . cire(r) of a
steel plate (same parameters as in Figure excited by a constant circular load (g, =
#g N/m?2, g = 0.8m) at angular frequency w = 1200rad/s are shown . The shear cor-
rection factor kyy is used. Similar to the constant ring load excitation, the out-of-plane
displacement and the rotation are continuous at » = rg and are decaying with rising . The
maximum displacement and rotation are even lower compared to the ring load excitation,
which is expected since the load is spread over a larger area.

1078
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(a) Out-of-plane displacement (b) Rotation about the yp-axis

Figure 5.5: Out-of-plane displacement we;,. and rotation about the y-axis 1, circ of an
infinite Mindlin plate excited by a harmonic circular load with ro = 0.8

5.2.3 Non-axisymmetric loading

For certain types of non-axisymmetric loadings, a closed-form solution for the out-of-plane
displacement and the rotations can be found by the analytical integration of the point force
solution. A practically important non-axisymmetric loading, which occurs when a circular
cylinder is mounted to a plate and excited by a harmonic horizontal force [287], is shown
in Figure |5.6
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5 Particular solution functions for plate bending vibrations

Figure 5.6: Alternating circular load

The alternating circular load is given in polar coordinates by

_ oo QoT y .

el %) = 5 (o — 1) cos(i) (5:97)
where g, is the maximum amplitude and rg the radius of the alternating circular load.
The integration of the point force solution multiplied with the given loading leads to the

out-of-plane displacement and rotations

27

Wae(T, 0) = / /_ Qe (T )wpomt( T, 0,7, $) T dgdr, (5.98)
27

Uriaclre ) = [ [ ) i (0.7 ) P o, (5.99)
2T

wcp,ac / / qac 71 wsa poznt( V ()b) d(ﬁ%d%. (5.100)

The evaluation of these integrals with respect to ¢ results in

/7"0 (Jl(k‘fl #) HP (kp17)
7=0

p1—1

I(Fkp P B (Fhpar) ) o
po — 1 ’

r >,

- v (Il F) B (k)
o cos(p) o g1 — 1

2D(k%, — k2 .
(fl f2>r0 _Jl(IFk‘fQT) ()(:kagr)>% d7
po —1

Wac(T, ) = (5.101)

r <ro,

+ / (Jl i r) HY (kg 7)

pr—1

_Jl(:kaZ ’f') ( )($kf2 7’)) % d%),
po —1
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jqomcos(p
%bn aC(Tv 90) = 02 (2 )
4D (K3, — k3, )ro
~ —jgymsin(p)
Ve, ac(r, )

B 2D(k:J2c1 — kj%2>ror

2 2
iHéR¢@w»—Hé%¢@wﬂ>ﬁdh

iH(()Q)(ﬂFkﬁ r) — By (Fhyo 7“)> 7“

5.2 Particular solutions for the Mindlin plate theory

/TO <H82)(kf1 r) — HY (k1 7)

=0 (kpy J (kg 7))~ -

(kp2 J1(Fhpa 7))~

(/T (HéQ)(kfl r) — Hg)(kfl r)

=0 (kg Ja (k)7 (5.102)

(kpa Iy (Fhypa )~
+ /TO (JO(kfl r) = Ja(kpir)
¥ 2 o) !
(kB (g1 7))
+ JO(:kaQ 2) - JQ(:':kfflr)) 7;2 df),
(kfz H§ )(qﬁkﬁ f))

=r

"o P
- (31.Cgr ) HE (kg )

) T >,
— 31 (Fhpo P HY (Fhpar) ) 72 dF,

</ (3101 7Y HE (kg )
7=0
— 31 (Fhpo P HY (Fhgar) ) 72 dF

T0
+ /vf (31 (gr r) HE (kg 7)

(5.103)

r<r7ro,

— I (Fhga ) HY (Fhpo 7)) 72 df) ,

where the addition theorems for Bessel functions (Equations (5.54]) — (5.56))) and the inte-

gral formulas for trigonometric functions

27 ) . tje =41
/ cos(@)edmeR qp =TT ™ , (5.104)
=0 0, meZ|m# +1
27 7 cos(p), m=1
cos() cos(m (¢ — @))dp = , 5.105
| cost@) costm (o @) g {Q NIt (5.105)
2m 7 sin(p), m=1
cos(p) sin(m (¢ — ¢))dp = , 5.106
| cos(@) sintm (o = #) a {Q e Nolmt1 (5.106)
are applied. The recurrence formulas for Bessel and Hankel functions [281]
d 2 2 2
S (P0:) =20 o Phi)= /z J1(2) dz, (5.107)
d 2 2 2 2
S (2P) =20 6) = 2HP() = /22 1 (2) dz, (5.108)
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5 Particular solution functions for plate bending vibrations

and the Wronskian determinants of Bessel functions [284]

JQ(JZ) H

) B2 ) — Ja () 1) = 22
9@—%@m9m:—%%

allow for the integration with respect to 7, which leads to the final results

JGomrocos(p)

Wae(T, 0) =
2D(k§1 - k:]%2)
Jqomrocos(p
1/}7", ac(ﬁ SD) = 0 9 (2 )
—jqo ™ rosin(p
¢<p,a6(7"> 80) = : ( )

B zD(k]%l - k?z)r

Jo(kgy o) HP (kgy 1)
kpi(pa —1)
Jo (ko ro) HY (ko)
kpo (p2 —1) ’

+

Ji(kpir) ng)(kfl o) — 7rlzfjlr?"g
Ky (pn —1)

Jl (:kag T’) ng) (:kag 7‘0) + 2jr

7ka2’l‘
ko (p2 — 1)

(H(()2)(kf1 r) — HY (k1 7)
Ja(kpymo) ™"
_ﬁW@Mwwﬂ9@Mw»
Jo(Fhyparo) ™" ’

(Jo(k?fl r) —Jalkpr) 4]
Hg2)(k‘f1 7"0)_1 ij%l r(2)
Jo(ikag 7“) — JQ(:kaQ 7") 4]j

HY (Fhyo 7o) "

Jz(kifl ’I“o) Hg2) (l{ifl ’I“)
ks

iJz(ﬂfﬁ o) HgQ)(:kaz r)
kfg ’

Ji (k1) Y (kg1 mo) — 207

Tk 7’3

k1

NGk Hy (Fkpa ro) + A0

2 .2
7T'k3f2’l”0

0

ko

where the cases r > rg and r < r¢ have to be distinguished.
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5.2 Particular solutions for the Mindlin plate theory

Since the loading is not axisymmetric, the out-of-plane displacement and the rotations
depend on r and ¢. The continuity of the field variables wqc, ¥y oc and 1y oc at 7 = rg is
apparent if the Wronskian determinants given in Equations and are applied.
The out-of-plane displacement wq.(r, ¢) and the rotations ¢, qc(r, ¢) and ¥y, qc(r, @) of a
damped steel plate (n = 0.05) excited by an alternating circular load (g, = 1N/m?,
ro = 0.8 m) at angular frequency w = 1200rad/s are illustrated in Figure

N

500 T [ 1107

251 0 —2 5 1
(c) Real and imaginary part of the rotation 9y, ac

Figure 5.7: Out-of-plane displacement w,. and rotations v, 4. and 1, 4 of an infinite
Mindlin plate excited by a harmonic alternating circular load with ro = 0.8
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5 Particular solution functions for plate bending vibrations
5.3 Particular solutions for the Kirchhoff plate theory

The particular solution functions for the Kirchhoff plate theory can be obtained as a
special case of the Mindlin plate solutions. If the rotatory inertia is neglected and the
shear modulus is set to infinity (neglecting the shear deformation), the Mindlin plate
theory reduces to the Kirchhoff plate theory [I1]. In this case, the constants in Equation
are given by R =0, S =0, g1 = 0 and po = 0 and the wavenumbers, defined in
Equations (]2_66|) and (]W[), become k1 = ky and ko = j ky with k, = ‘\‘//?g. Furthermore,
the cut-off frequency w, rises to infinity and therefore w is always less than w.. Using these
simplifications in the solutions of the Mindlin plate (Equations (5.40)), (5.41)), (5.63]), (5.64),
(5.85), (5.86), (5.111) - (5.113))) leads to the following results for the Kirchhoff plate:

a.) Point force

Qo (2) @), .
wpoint(r) 3D k% <*H0 (kb T) + HO (*‘] ky T‘)), (5114)
J4q 2 .(2), .
wﬁpoint(w = _8D(;<:b (Hg )(kb 7) +JHS )<_J Ky 7’)) (5.115)

b.) Constant ring load

(—Jo (ks ro) HE (ke 7) .
r To,
. r —I—Jo(—j kb 7“0) Héz)(—‘] kb 7")),
Wring(r) = LT o (5.116)
b (—Jo(k‘b?“) Hy™ (ko 7o)
Jo(—ikyr) B (= k rere
+Jo(=jksr)Hy (=i ks ro)),
(Joks r0) By 7) >
T To,
—jgomro +j Jo(—j ko o) HE? (= ks 7‘)):
Vr, ring(r) = A Dk @) (5.117)
b | (IaCky ) HE (ko) 3
r ro.
31 (=i ko r) HE (< iy o) )
c.) Constant circular load
(=31 (R ro) HE (k)
31 (—j ko) HE) (—j & rere
' +iJi(=jkyro) Hy (ko) ),
JQoTTo .
ir =———= 4 5.118
We C(T) 4Dk§ ( J _Jo(kb'/") HgQ)(k'b'l"O) ( )
™k 7o r<Trg
+jJ0(—Jka)HEQ)(—jk‘bTo)>,
(Jl(kb To) Hg2) (kb 7“) -
r To,
Cigrre | i) HY (<ik ),
_ 0’0
¢r, circ(r) = W ) (5119)
b (J1(k:br)H1 (kb’l”o)
Itk H(Q) ik r <To.
1(=jksr) Hy" (=i ke o) ),
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5.3 Particular solutions for the Kirchhoff plate theory

d.) Alternating circular load

(=2 (k7o) H (ky )
. . @), . r > To,
+J2(=j ko ro) H (= ko)),

_ JGgmrocos(p)

’wac(ra SO) - 4D k;g (7-[-[2] :2 — Jl(kb T) Hg) (kb 7,0)
b0

(5.120)

) r <ro,
+ﬂﬂﬂ%ﬂ@Nﬁ%m0,

(Hgk%T"HQVMr>
Ja(kyp 7"0)71
_HP (k) TP (ks r>>
Ur,ac(r, 0) = W Jo(=jhkyro) ™t ’
b —8j Jo(kpr) — Jo(kpr)
<7rk§ "o HE (ko) ™!
Jo(=j k1) = Ja(=i kbr))
ng)(_j K 7"0)71

T >To,

(5.121)

r <ro,

(32 (ke o) HY (i )
. . @), . r > To,

—i Ja(=j kyro) HEY (< k7)),
—j Gy mrosin(y)

—4ir
ADK T (7r karg + J1 (k) HE (R o)

Vi, ac(r, ) = (5.122)

r <rg.

Ty (= k) HD (< ey ro)),

In the Kirchhoff plate theory, the rotations are not independent from the out-of-plane
displacement and can be computed by

1/}7”(747 ‘P) = _M and ww(r’ (p) — _EM

12
or r dy (5 3)

These relations are fulfilled by the results in Equations (5.114]) —(5.122)). The particular
solutions for the Kirchhoff plate theory can also be found in a paper from the present
author [288], which are identical to the present results.
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6 Extension of the Wave Based Method to
thick plate vibrations

The WBM for thin plate vibration problems (Kirchhoff plate theory) has been extensively
developed by Vanmaele and her co-workers [I7, [16] including the definition of different
function sets and the treatment of corner stress singularities. Since the Kirchhoff plate
theory is limited to thin plates and low frequencies, see Section an extension of the
WBM to thick plate vibrations using the Mindlin plate theory is shown in this chapter.

If stress singularities are present in the problem domain, the WBM suffers from conver-
gence problems [I8] and therefore so-called special purpose functions have to be defined
to resolve this issue. In Section stress singularities occurring within the Mindlin plate
theory are examined for static and dynamic deformations, which allows for the definition
of special purpose functions in a subsequent section. The application of the WBM to the
Mindlin plate theory is shown in Section where the general description of the WBM
from Section is specialized for vibrations of Mindlin plates. In Section a modified
selection of the wave functions is presented, which leads to a higher accuracy and stability
of the WBM. Several validation examples with convex and non-convex domains having
different boundary conditions are investigated in Section A comparison of the WBM
and the classical FEM over a wide frequency range is presented and the effect of differ-
ent function sets and special purpose functions on the convergence rate of the WBM is
shown.

6.1 Stress singularities in the Mindlin plate theory

Singularities in the bending or shear stress field are of course physically impossible, but
they are a result of the modeling process and the linear theory of elasticity [289]. Such sin-
gularities may occur if plates are loaded with concentrated forces or moments, since finite
stress resultants are applied over regions with vanishingly small areas [289]. Furthermore,
singularities can appear if discontinuities in the plate domain or at the plate boundary are
present, e.g. rapid changes of the plate thickness, the material parameters or the boundary
conditions. A particular case of stress singularities in the Mindlin plate theory arises in
the vicinity of an angular corner if a certain critical angle is reached [74] 290].

The singularities due to concentrated loads do not affect the convergence rate of the WBM,
since the included particular solution functions exactly represent the singular behaviour.
However, corner stress singularities have a strong influence on the stability and convergence
rate of the WBM, because the singularity in the stress field has to be constructed with
plane wave functions [18].
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6 Extension of the Wave Based Method to thick plate vibrations

Therefore, the corner bending and shear force singularities appearing in Mindlin plates
are analyzed in the subsequent sections. The following assumptions, which have also been
used in [17] for Kirchhoff plates, are made for the analytical study of the corner stress
singularities:

e An external loading has no effect on the stress singularities in the corner point
provided that the loading is integrable [291].

e The boundary conditions applied at edges away from the corner point hardly affect
the stresses in the vicinity of the corner [291].

e The plate consists of a single linear elastic material (an extension to multiple mate-
rials is possible).

Through these assumptions, a study of an unloaded infinite wedge domain with an internal
angle «, see Figure[6.1] can be performed to investigate the stress singularities at the corner
point (r = 0).

In Section[6.1.1|the vibrations of the infinite wedge domain are analyzed and the behaviour
of the bending moments and shear forces in the vicinity of the corner is investigated. Since
an exact dynamic solution can only be defined for hard simply-supported radial edges, the
static solution of the infinite wedge domain is stated in Section[6.1.2for arbitrary boundary
conditions. A comparison of the singular stress behaviour in the static and dynamic case
is presented in Section [6.1.3

6.1.1 Vibrations of an infinite wedge domain

The exact solutions for the free vibrations of thick sectorial plates with simply-supported
radial edges have been presented by Huang et al. [74] and are the basis for the following
derivations. Compared to [74], the boundary conditions at the circumferential edge are not
included and a differentiation between symmetric and antisymmetric bending deformation
is made. In general, the material loss factor 7 is unequal to zero and therefore, the
differentiation between the cases w > w, and w < w,, which has been performed by Huang
and his co-workers [74], is omitted.

N[Q

o0

Figure 6.1: Infinite wedge domain without external loading
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6.1 Stress singularities in the Mindlin plate theory

General analytical solution for an infinite wedge

In the absence of external loadings (g = 0, m, = 0, M, = 0), the governing equations of
the Mindlin plate theory are given in polar coordinates by [292]

(v2 + k}l)wl (r, ¢) = 0, (6.1)
<V2 + ]{7?‘2)1}]2(7‘, p) =0, (6.2)
(V2 +k2)H(r, ) = 0, (6.3)

2 2 . . . . .
where V? = %4_%%4-%2 6%2 is the two-dimensional Laplace operator in polar coordinates.

The out-of-plane displacement w(r, ¢) and the rotations v,.(r, ¢) and 1, (r, ¢) are defined
by [292]

w(r, ) = wi(r, @) +wa(r, ¢), (6.4)
0n(r, ) = (= 1) Py oy P22 OB D) )
olrs @) = (= 1) T2y 10000 OG- (g

where the constants from Equation (2.69)) are used.

The general analytical solutions of Equations (6.1]) - (6.3]) proposed in [74] do not distin-
guish between symmetric and antisymmetric bending. Therefore, the modified general

solutions
wi(r, @) = Y cos(A} @) Ruxg (kg1 7) +sin(Af @) Ruxg (kg1 7), (6.7)
k=1
wa(r, p) = Z cos(A; @) Raxe (kpa 1) + sin(Af ) Roxa (kpa 1), (6.8)
k=1
H(r,p) =Y —sin(A} ) Raxs (ks ) + cos(A ) Rana (ks 1), (6.9)
k=1
with

Rix(kpir) = AixIa(kprr) + Bix Ya(kpir),
Rg)\(kng‘) :AQAJA(kaT)"‘BQAYA(kaT), )\:)\ZOTACL, (6.10)
Rg)\(ks T‘) = As) J,\(ks 7“) + B3y Y)\(ks 7”),

are used, where the eigenvalues A depend on the prescribed boundary conditions at ¢ =
+a/2 and symmetric bending modes are associated with A7, while A} lead to antisymmetric
bending modes. In Equation (6.10), A;x and B;x (i = {1, 2, 3}) are arbitrary constants,
which are determined by imposing three regularity conditions at » = 0 and three boundary
conditions at the circumferential edge. Since an infinite wedge domain is considered, only
the regularity conditions at r = 0 [74]

w(0, p) = finite, (6.11)
(0, ) = finite, (6.12)
(0, @) = finite, (6.13)

are taken into account.
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6 Extension of the Wave Based Method to thick plate vibrations

Following the procedure shown in [74], first the regularity condition for the out-of-plane
displacement is imposed. Since the results for negative and positive values of \ lead to
identical admissible solution functions, only the case A > 0 is considered. Using the limit

. s S
lg% Ju(z) = finite, v >0, (6.14)

in Equation (6.4)) leads to
li_rf(l) w(r, ) = 11_)1%(31)\ Ya(ksi7) + Box Ya(kg2 1)) = finite, (6.15)

where the multiplications with cos(Aj, ) or sin(Af ) can be omitted. Applying the relation
[281]
Ju(2) cos(vm) —J_(2)

Y, (2) = , zZ 1
(2) sin(v ) vé (6.16)
and Equation (6.14]) simplify Equation (6.15]) to

. Jox(kir) Joa(kr2 7‘)) .

lim ( =By ———> — By, ———~>——= ] = finite. 6.17

r%( 1A sin(A ) 2 sin(A ) He (6.17)

The series representation of the Bessel function of the first kind [284]

00 (_1)k ZQk-i-V
Tu(2) = k;) K122+ Tk + v+ 1)

(6.18)

with I'(e) the gamma function and e! the factorial shows that the out-of-plane displacement
is only limited if all coefficients of 72*=* with 2k — A < 0 vanish. This leads to

Bixk + Bk =0,  0<A<2, (6.19)
By =By, =0, A > 2, (620)

since for A > 2 more than one linearly independent equation has to be fulfilled and for
0 < A< 2only £ = 0 has to be considered [74]. If A is an integer value, a different
representation for the Bessel function of the second kind has to be applied, since the
relation in Equation is only valid for non-integer values. The procedure is outlined

in Appendix @ and leads to Equation (6.19)) for A = {0, 1, 2} and to Equation (6.20) for
A=1{3,4,...}.

The second regularity condition for the rotation, lin% (1, ) = finite, can be simplified
r—r

to
(=1 kp Joas1(bpir) —J a—1(kpir)
71~1—I>I%) <2 <Cu Ia-1(kpir) + Buy sin(A ) >
(B2 — 1) kpo ( Joa1(krar) —J a-1(kyo 7"))
- = _1(k B 6.21
+ 5 Cox Ia—1(kfar) + Bay () (6.21)

A JA(ksr))> .
; (03)\ J)\(kis 7“) Bs), sin()\w) = finite,

where Equations (6.14]) and (6.16]), the recurrence formula for Bessel functions of the first
kind

Wele) L0 = Do) (6.22)
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6.1 Stress singularities in the Mindlin plate theory

and the identities sin((A £ 1) 7) = —sin(A7) and tan((A — 1) 7) = tan(A7) are used in
Equation . The multiplications with cos(Af ¢) or sin(Af ¢) can be omitted in Equation
and C;y = Ajx + Biycot(Am) (i = {1, 2, 3}). Substituting the series representation
of the Bessel function (Equation ) into Equation (6.21)) and gathering terms with
the same exponents for the variable r lead to

( > ((Ml —1) kfr]szBlA + (p2 — 1) k}%’;’A”B% 2kt

Z(_l)k 2k—A+2 &
= k! 226=2+2 gin( A7) T'(k — A + 2)

lim
r—0

(1 — 1) k}%’f“ Cix + (2 — 1) k‘fc';“ Cox — gax k2FT2 Cay F2kEA-1 (6.23)
k! 22k+AT (K + \)

C(m-1) KA Bix+ (2 — 1) k35" Box — 25 k3** Bax P21 ) — finite
k! 22k=X sin(Am) T'(k — \) - ’

where the relation I'(k £ A+ 1) = (k£ A\) T'(k £ \) is applied.

Using a similar procedure for the third regularity condition, lin% o (r, @) = finite, gives
r—

hm i(_l)k k?k*)\‘i’Q BS/\ r?k’—)ﬂ-l

r—0 k! 226242 gin(Am) T(k — A + 2)

(1 —1) k?’f“ Cix+(p2—1) k;g“ Cop — B2 2KHA O3 2hA-1
K1 22RAT (K + A4+ 1) A1

+ (1 = 1)K} Bua + (u2 — 1) k57" Box — "52 k3F 2 By r?F=A1) ) = finite
k1222 sin(A7m)T(k — A+ 1) AL ’

(6.24)

where the multiplications with sin(Af ¢) or —cos(A{ ) are omitted. As pointed out in
[74], different cases have to be distinguished to define the relations between the constants
Aix and By (i = {1, 2, 3}).

Case I: A € Ny

For integer values of A, a different representation of the Bessel function of the second
kind has to be applied. It is shown in Appendix [D] that the constants By, B2y and
Bsy have to be equal to zero and A;) (i = {1, 2, 3}) can be chosen arbitrary.

CaseII: 0 < A < 1
In this range, Equations (6.23) and (6.24) are only fulfilled if the coefficients of 71

and 7=~ (k = 0) are equal to zero, since all other terms vanish in the limit r — 0.
Therefore, the two relations

(11 = 1) k7 Bux + (p2 — 1) k3 Box + k3 Bay = 0, (7"_’\_1) (6.25)
(1 — 1)k} Cix + (2 — 1) k) Cop — k2 Cap = 0, (M—l) (6.26)

have to be satisfied. It follows from Equation (6.19) that

k A
By = — (f) Boy, (6.27)
12
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6 Extension of the Wave Based Method to thick plate vibrations

which can be used in Equation (6.25]) to get

A
ks

Bsy = (k:) (11 — p2) Bax. (6.28)
£2

Rearranging Equation (6.26)) finally leads to

— 1)k} Ay + (p2 — 1) kY Aoy — k) A
By — (11 ) 1 AN (k2 ) f2 4322 3A : (6.29)

cot(Am) ks (o1 = 1) B3 = (o = 1) K33 + (i1 — o) 2
while the constants A4;) (i = {1, 2, 3}) can be chosen arbitrary.
Case ITI: 1 < A < 2

In this case, the coefficients of r2*=**1 (k = 0) and 72*=*~! (k = {0, 1}) have to be
zero to fulfill the Equations (6.23]) and (6.24)), which leads to the conditions

(u1 — 1) k77 Bix + (p2 — 1) k3 Bax + k3 Bay =0, (T_A_1>7 (6.30)
(= DR Biy+ (o = 1) K3y By — k22 fF(0) By =0, (r71), (631)

where f(A) = (A/(2—A))*! (+ for ¢, and — for t,). Combining these conditions with
the relation in Equation gives only the trivial solution By) = By) = B3y = 0,
since the determinate of the coefficient matrix is unequal to zero for any parameter
set. The constants A;y (i = {1, 2, 3}) can be chosen arbitrary.

Case IV: \ > 2

For A > 2, Equation (6.20]) shows that Byy = Bgy =0 (regulamty condition of the out-
of-plane displacement) and therefore, the terms in Equation (|6 related to r2k—A+1
vanish. Furthermore, it follows from Equations that the constant Bsy = 0
(coefficients of r?*~2~1) and the constants A; (i = {1, 2, 3}) can be chosen arbitrary
(coefficients of r2¥A=1). The same results can be found from Equation ([6.24)).

The general analytical solution for the infinite wedge domain is therefore defined by Equa-
tions (6.7]) — and
Rix = Aiy (Il r) = CRE (1 — 1) Ya(kpr))
— Aoy O (kg1 kp2)* (2 — 1) Yalkpi7)
)

+ A3\ C (kg1 ks))‘Y)\(k‘fl r),
Rox = A1x C (kg1 kp2)* (1 — 1) Ya(kypor)
0<A<1 + Aoy (Talkgar) + C k3 (p2 — 1) Ya(kpar)) (6.32)
— Agp C (k2 k)  Ya(kpar),
Rax = Aix C (kg1 ks)? ( p2) (p1 — 1) Yx(ksr)
+ Aoy C (kg2 k) (1 — pa) (2 — 1) Ya(ks 1)
+ Agy (In(ksr) - C’k?’\ (1 — 12) Ya(ks ),
with .
C = (6.33)

cotAm) ((m — 1) K3 = (i — 1) K3 + (1 — o) k22)
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6.1 Stress singularities in the Mindlin plate theory

and

Rix = A Ja(kpir),
Rox = Aox Ja(kpar), (6.34)
Rgx = Asp Ja(ksT).

Bending moments and shear force singularities

The general analytical solutions from the previous section can be used to identify singu-
larities of the bending moments and shear forces in the vicinity of the corner point r = 0.
The bending moments (M., M,, M,,) and shear forces (@Q,, Q) in polar coordinates are
given by [292]

M, (r,p) =D (%ﬁr + Z(z/z + Egif)), (6.35)
My(r,p) =D (i (wr + Ej;fj) +v 8@%)7 (6.36)
M,y (r, ) = 12) (1-v) (i (%ﬁ" - %) + 8$¢), (6.37)
Q.(r,p) =K G h(w + ?;:), (6.38)
Qulrp) =2 Gh(u,+ 1 50, (6.39)

Depending on the value of A, either the analytical solutions from Equation (6.34) or

Equation (6.32)) have to be used in Equations (6.35) —(6.39) to analyze the behaviour of
the bending moments and shear forces in the vicinity of the corner point.

The asymptotic forms of the bending moments in case of A > 1 or A = 0 are given by

D (1 =) (i1 = 1)k} Au + (2 — 1) k) Ass — k2 Az ) fi(p)

Mr|r%0 = F(}\ _ 1) o T’A_Q, (640)
 Dv-1) ((Hl — 1)k Ay + (p2 — 1) by Aoy — k2 A3,\> Hle)

M, |0 = R A2 (6.41)
_D(—v) ((Hl — 1)k Ay + (p2 — 1) by Aoy — k2 A3,\> fale)

Mrap|r%0 - F(}\ — 1) X r , (642)

where the recurrence formula (Equation ) and the series representation of the Bessel
function (Equation ) are applied. Depending on whether symmetric or antisymmet-
ric bending is considered, the function fi(¢) = {cos(Af ¢), sin(Af ¢)} and the function
f2(p) = {—sin(A] ¢), cos(AL p)}. It is apparent from Equations (6.40) — (6.42)) that the
bending moments become singular at r = 0 if A\ < 2 [74]. For the integer values A = 0
and A = 1, the bending moments at » = 0 approach a finite value, since I'(—1) — joo and
'0) — joo.
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6 Extension of the Wave Based Method to thick plate vibrations

If 0 < A < 1, the asymptotic forms of the bending moments can be expressed as

D (1=w)((u1 = 1)k} Ay + (2 — 1) Yy Aoy — k2 Asy)

Mrlr—0 == sin(Am)22-AT(1 - \) C (6.43)
((Ml — 1) Corkjy — (p2 — 1) Cor ko + (1 — pi2) /\kg) file)r™,
"y D(1- V)((Ml — 1)k} Ain+ (p2 — 1) kpy Aoy — k2 A3,\>
elro == sin(A7) 22-AT(1 — \) C (6.44)
(11 = 1) Coa by = (12 = 1) Con Ky — (1 — i) AK2) fr(p) 7>,
D (1= v) (i = 1)k} Ay + (2 — 1) by Aoy — k2 Asy)
Mr<p|r~>0 =

sin(Am)22-AT(=\) C (6.45)
(G = 1)K = (2 = 1) K — (1 — p2) k2) falp) 7™,
where Cy1 = (2(11:;”) —)\) and Cpo = (@ +)\) and Equations (6.16[), (6.18]) and

(6.22) are applied. In this case, the bending moments exhibit a singularity at the corner
point for the whole range 0 < A < 1 [74].

The asymptotic forms of the shear forces in case of A > 1 or A = 0 are given by

k2GR (p1 kdy Aix + po kg Aoy — k3 Asy
f1 f2 s _

K2 G h (kY Ay + i by Aoy — K2 Agy )
22 T(N)
and therefore, no shear force singularities occur for A > 1 or A = 0, since Equations ((6.46))

and (6.47)) approach a finite value for r — 0 [74]. For 0 < A < 1, the asymptotic forms of
the shear forces are

falp) Y, (6.47)

Qcp’r—)[) -

_ kK Ghcot(Am) C fi() [, 2N _ 12 1
O = =gy (9 (0= 0 (2 ) + ) (6.48)
1 G
(0= 1) (2 = KR) + o ) = 2 (K = 432) o) P,
_ kK Ghcot(Am) C fa() [, 2X _ 1.2 1
Qe = =iy (4 (0= 0 (2 - 0) + ) A (6.9

1
A 2X 12 A (12X 12 A1
+kf2<(M2 —1) (ka —k‘ﬂ) + Cot()\W)C) Agx — K (kf2 kfl) A3A) T

A—1

which show that the shear forces vary as 7~ and become singular as r — 0 [74].

From Equations (6.40]) — (6.42)) and (6.43]) — (6.45]) it is apparent that the additional restric-
tion

(p1 — 1) b3y Aix + (2 — 1) kg Agy — k3 Agy =0 (6.50)
for the integration constants A;y (i = {1, 2, 3}) removes the singularities of the bending
moments, while the singularities in the shear forces remain. Furthermore, this restriction

simplifies the solution functions for 0 < A < 1 (Equation (6.32))) to Equation (/6.34]).
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6.1 Stress singularities in the Mindlin plate theory

Hard simply-supported infinite wedge

The eigenvalues A\j and A} are determined through the boundary conditions applied at
the radial edges 1 and 2 (see Figure[6.1)). However, an analytical solution for the dynamic
problem is only available if both radial edges are hard simply-supported

w(r, £a/2) =0, (6.51)
Yr(r, £a/2) =0, (6.52)
M,(r,£a/2) = 0. (6.53)

According to [74], the symmetric and antisymmetric eigenvalues for the hard simply-
supported infinite wedge are given by

T
BNE)

P=02k-1)
o E=1,2,... (6.54)

™
A =2k —.
k «

Using these eigenvalues in the general analytical solutions from the previous section and
assuming « < 27, bending moment singularities in the vicinity of the corner are expected
for internal angles a > 7/2, having the asymptotic behaviour

M]yyo ~ 7872, g <a<m, (6.55)
s us 3

Mlyoo ~r o + 7702, T<a< 7” (6.56)
. an . 3

Mlyyo~r s +ra 24 pia 2 7” <a<2m (6.57)

Shear force singularities only arise for symmetric modes and an internal angle o > w. The
asymptotic behaviour of the shear forces in the vicinity of the corner is given by

Qlrso ~rat T<a<2T. (6.58)

Since an analytical solution for the dynamic case is only available for the hard simply-
supported boundary conditions, the solutions for the static problem are examined in the
subsequent section.

6.1.2 Static solution for an infinite wedge domain

While the literature on analytical solutions for bending vibrations of wedge domains
is rather limited, several authors have investigated the static bending deformation of
Reissner-Mindlin plates (w = 0) and examined the stress singularities in the vicinity
of the corner point. In [293] a series approach is applied and moment singularities for ho-
mogenous boundary conditions (clamped, free, hard simply-supported) are identified. An
additional result for hard simply-supported boundary conditions, which has been missed
in [293], is reported in [294]. Huang [290] used the Frobenius method to analyze the be-
haviour of the bending moments and shear forces in the vicinity of a corner point within the
first-order shear deformation theory. Ten different combinations of homogenous boundary
conditions (clamped, free, hard simply-supported, soft simply-supported) are considered
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6 Extension of the Wave Based Method to thick plate vibrations

Table 6.1: Characteristic equations for the static eigenvalues of an infinite wedge domain

Characteristic equation

Boundary conditions

Moments Shear forces
< A3 (1 5
sm()\fw a) = Ay (L+v) sin(a) cos( 2204) =0
3—v 2
Clamped—clamped ) Sa (1+2) o
sm()\?w a) = _MST sin(a) sin ()\‘é 2) =0
8111(5\7\/[ a) = —\js sin(a) sin ()\22 g) =0
Free—free
5111(5\%/[ a) = X%, sin(a) oS ()\‘é Z) =0
cos((f\/fl) g) cos<( qutl) g) =0 cos()\sQ g) =0
Hard SS-hard SS
in( (e A g ) Z o &) =
s1n<< M—l) 2) s1n<()\M+1> 2)—0 51n()\Q2)—0
sin(Xfw a) = —Ajs sin(a) Ccos ()\SQ (;) =0
Soft SS—soft SS B - o
sin()\‘}w a) = A}/ sin(a) sin ()\‘é 2) =0
- 4 — 22, (1+v)? sin? -
Clamped—free sin? ()\M a) = (1:‘))4_( V—;(V1)+SV11)1 () cos( 0 a) =0
. - E\M (1 + 1/) . . (X
Clamped-hard SS s1n<2 AM a) = G- sin(2 «) sin <)\Q a) =0
- 4-X3, (1+v)? (3
Clamped-soft SS sin? ()\M a) = G- ]‘V/f) ((1—:;)) sin?(a) sm( Q a) =0
Hard SS—free sin(? A a) = Az sin(2a) oS (E\Q a) =0
Hard SS-soft SS Sin(2 A a) = Az sin(2a) sm(7Q oz) =0
Soft SS—free sin(j\M a) = 4\ sin(a) cos(_Q a) =0

and compared to [293] and [294], also shear force singularities are reported. Functional
analytical methods are applied in [295] to study corner stress singularities and the results
from Huang [290] are confirmed, while additional homogenous boundary conditions (soft
clamped, two different frictional conditions, sliding edge), which are less common, are
included. The effect of logarithmic stress singularities and logarithmic intensification of
power stress singularities are mentioned in [293], [294], [291], [295] and [296], but only pure
power stress singularities have been examined. In [297], several plate configurations with
homogenous boundary conditions, which lead to logarithmic corner stress singularities, are
reported, while in [291] the possibility of logarithmic corner stress singularities induced
by inhomogeneous boundary conditions is stated. In [296], a complex potential method
is applied to study corner stress singularities in isotropic homogeneous and bi-material
wedges having homogenous boundary conditions, while Huang [298] uses an eigenfunction
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6.1 Stress singularities in the Mindlin plate theory

expansion solution to study corner stress singularities in bi-material Mindlin plates.

In this work, plates consisting of a single linear elastic material with homogenous boundary
conditions are considered. The effect of logarithmic stress singularities only appears for a
few specific internal angles « and are not taken into account. According to Huang [290],
the bending moments and shear forces in the vicinity of the corner have the asymptotic
behaviour B B

M|r%0 ~ Ml and Q|7‘ﬁ0 ~ il (6'59)

where A\p; > 0 and S\Q > 0 are the static eigenvalues for moments and shear force singular-
ities. The characteristic equations to determine the static eigenvalues are derived in [290)]
and are stated in Table for completeness. If the boundary conditions are symmetric,
it is possible to distinguish between eigenvalues for symmetric (\3;, Af) and antisym-
metric deformations (A%, X“Q) The characteristic equations in Table are solved with
the routine fsolve (trust-region dogleg algorithm) from the commercial software package
MATLAB® R2016b and the resulting static eigenvalues are plotted in Figure [6.2
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Figure 6.2: Static eigenvalues of an infinite wedge domain with various radial boundary

conditions
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6.1 Stress singularities in the Mindlin plate theory

6.1.3 Comparison of the singularities in the static and dynamic solution

The analytical solutions of the static and dynamic hard simply-supported infinite wedge
can be used to compare the singular behaviour of the moment and shear forces in the
vicinity of the corner point. In case of hard simply-supported radial boundaries, the static
eigenvalues can be computed in closed-form and from Equation it is apparent that
stress singularities only occur for static eigenvalues smaller than 1. The comparison of the
static and dynamic eigenvalues listed in Table shows that the asymptotic behaviour of
the bending moments and shear forces is identical for both cases.

Table 6.2: Comparison of the static and dynamic eigenvalues causing singularities

Moments Shear forces
static dynamic static dynamic
b A5 Aj—2
A ]\4&4’[")\1‘“_17 M ~prM—=,
3 < T s - -
s _ s _
A Ml*a—la )\1_&’
S
& M ~ p a1 + rj\lzlm—l, M~ 4 TA?—Q,
A NG ™ s m QNTXQI?I» QNT)\lilv
S M2 =——+1, A=, T ™
A o o b= — AT =~
2m 27 QL — 1=
k‘m a _ -1 2\¢ = [0 «
o™ M1 ) 1 o )
S G ya s a
e M o~ 2=t A=t N A A2 .
2. —1 A1—1
A XS pa— AS—2 QNTQI QNTl ’
5 + N, + 172, IR 7r
S S
- 3 = Al=—
/t; )\7»13:3777—1» Ay =—, G ’
~ o @

The eigenvalues from the static and dynamic case are related by Ayy = A — 1 (A >1)
and A\py = 1 — X (A < 1) for moment singularities and Ag = A (A < 1) for shear force
singularities.

Since in the static case, two different analytical solutions are used to find the eigenvalues
for moment and shear force singularities, both eigenvalues are determined independently
from each other. In the dynamic case however, eigenvalues smaller than 1 always induce
singularities in both fields if the analytical solutions from Equation are applied,
while eigenvalues greater than 1 and smaller than 2 only exhibit moment singularities
(solutions from Equation (6.34])). For 0 < A < 1, the order of the moment and shear force
singularities (M ~ r=* Q) ~ r=2Q) are therefore related by Ag = 1 — Aps. This relation
is generally not fulfilled for the eigenvalues of the static solution, with the exception of
hard simply-supported radial edges.

By adding the restriction given in Equation to the general dynamic solutions in
Equation , the moment singularity for 0 < A < 1 vanishes and only the shear force
singularities remain. This allows for the independent definition of analytical solutions
having either moment singularities (1 < A < 2) or shear force singularities (0 < A < 1) for
the dynamic problem.
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6 Extension of the Wave Based Method to thick plate vibrations

6.2 Application of the Wave Based Method

In this section, the general methodology of the WBM for generalized Helmholtz problems,
shown in Section is applied to the Mindlin plate vibration problem. The field variable
expansion is presented in Section [6.2.1] including the development of the T-complete func-
tion sets and the definition of special purpose functions to treat corner stress singularities.
The construction of the system matrices and the derivation of the weighted residual for-
mulation from the sub-region three-field generalized mixed variational form of the Mindin
plate are outlined in Section [6.2.2]

In Figure a general Mindlin WBM model with n, convex sub-domains is illus-
trated. Each sub-domain « has a local domain coordinate system (:v%), yg“)>, which

is aligned with the smallest rectangular bounding box having the dimensions L;(Ba) and
L?(f‘). Depending on the applied boundary conditions and the interfaces to adjacent
sub-domains, the boundary of each sub-domain « is divided into non-overlapping parts
r@ = yrdy Fg?l U FS?Q UT@A) If a certain type of the four common bound-
ary conditions is not present at the sub-domain «, the associated boundary part becomes
Fsa) = (). Similar, the part of the interface becomes I'®#) = @ if the sub-domains « and

B do not share a common boundary.

. Q{LO)
Lo

€z

Figure 6.3: WBM sub-domains and domain coordinate systems of a general Mindlin plate
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6.2 Application of the Wave Based Method

6.2.1 Field variable expansion

As pointed out in Section the governing equations of the Mindlin plate theory can
be decomposed into three Helmholtz equations (ny = 3) with the field variables w%a)(r),

wga) (r) and H® () within each sub-domain a.. The three field variables are approximated
by the field variable expansions

(a)
wl
oft = 5% a2 0+ Xl o (660
kw1=0
(az)
ws el = S Al ol + Z% + g, (6.61)
kwo=0
e
HO ~A@ =3 oo™ +3 A% + A, (6.62)
k=0 Ci

(a)

where ®¢

(a)

are the wave functions, which form a T-complete set, o ° the wave contri-

bution factors, m%‘), ﬁ)écé) and fIéCZ) the special purpose functions to treat corner stress
singularities at the corner ¢; and wgz), wgg) and I:II(,OC) the particular solution functions.

Since the particular solution functions shown in Chapter [5| are given in terms of the out-
of-plane displacement w and the rotations v, and 1), a splitting of the results into the

(@) (@) r(

components @;,’, Wy," and Hpa) has to be performed. The terms in the solutions of
Chapter |5| associated with the wavenumber k; lead to wﬁ;’, while the terms associated

(a)

with kfo result in w,,". The component ﬁéa) is equal to zero for the considered load

cases.

T-complete sets of wave functions

The wave functions ®e ’ have to form a T-complete set, to ensure the convergence of the

(@)

WBM to the exact solution. The applied basis functions @E ), which are very similar to the
basis functions used in [I7] for the Kirchhoff plate theory, are listed in Table The wave
functions are defined in the local domain coordinate system and two different function sets
are considered. In [21], it is shown that using the smallest rectangular bounding box to
define the wavenumbers in Table results in the highest convergence rate of the WBM.
The first wavenumbers are chosen as such that an integer number of half wavelenghts

equals the dimension of the bounding box, which leads to

(@) lwl T

Twl,T = L;a) and Jwl,Y = L’EJO{) ’ (663)
() w2 T () Juw2 T

Kivow = 7@ and Jury = pa)” (6.64)
(@) _IHT (@ _JHT
i = ) and sy = ) (6.65)
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6 Extension of the Wave Based Method to thick plate vibrations

Table 6.3: Wave function sets for the Mindlin plate problem

Wave function sets for wq
@Ejz = cos(k:l( 3 x%”) eXp( Jk:gjf,y yg)> w1 = 0,1, ---”5311‘
Set 1
@ = sin(k(® x%)) exp(—i ki) ") | dun = 1,2, 0]
2 @ @ (@) @ (@ ()
lANe% . 6% (0% « (073 . 1ANe%
<I>jw1 = exp<—J kljwl,x Tp ) Sln(k]why Yp ) Jwl = 1727...711”1]-
Wave function sets for wo
@Ej; cos(kgj;m x%‘)) exp( Jk‘£32)7y y(Da)) w2 = 0,1, nQ(UOCQ)Z
Set 1
; l ex p(—j kj(:)gm x%‘)> cos( v YD o ) Jw2 = 0,1, nq(fg)]
') = sin (k) 2} exp(i K, u5)) | iwz = 1,2,.05)
Set2 | @ () @ (@ ()
ligeh «@ « e . /(o
@ :exp( ka 20 LD ) sm(k wo.y YD ) Jw2 = 1,2, .0
Wave function sets for H
<I>f§§) _ sm(kf a) mg))) exp( R ygw) ig =1,2,..n\)
Set 1
e Cos(kl(;)l[)l’ ) eXp( kl(;-)l[),y y o ) ZH - 07 17 n/é;j)
Set 2 (@) (@)
a a . N
:exp< JkngwD ) cos( et YD ) Ju=0,1,..ny;

The Helmholtz equations (Equations (2.63) —(2.65])) are only fulfilled if the corresponding
wavenumbers are defined by

G = S (L) = ) (L) e
K, = (Y - (W) and KO, =+ (Y - (50,) o6
= ) = () e

It is apparent from Table [6.3] that four different types of wave functions are defined for

cach field variable (@) — cpgjg, o\, o), ol ol - {0l ol o) o),

@,(CO;I) — {(ID(O‘) 3l @) <I)/.(: )}) and therefore, the total number of wave functions in

tH’ “JH’ TtH O’ )
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6.2 Application of the Wave Based Method

each sub-domain « is given by

n) =2 (S + nl; + nii) + ) +2), (6.69)
nfuoé) =2 (”1(,?2)@ + nﬁ,fg)] + n;(gl) + n;(g]) + 2), (6.70)
nﬁ?) =2 (n%) + ng%) + n/éﬁ) + n;%) + 2). (6.71)

In [21], it is shown that the T-completeness of a function set for convex domains is ensured
if the function set is able to represent arbitrary boundary conditions at the edges of a
rectangular domain, which encloses the convex domain. Since the Mindlin plate vibration
problem is governed by three Helmholtz equations, three arbitrary boundary conditions
have to be fulfilled at the edges of the problem domain. To show the T-completeness of
the two different function sets given in Table two rectangular domains with arbitrary
boundary conditions are investigated. In Figure a rectangular domain with prescribed
boundary conditions @Q,,, ¥,, and M s at the edges I'1-T'4 is shown. Similar to the approach
used in [17], the problem is split into two sub-problems to proof the T-completeness of
the first function set in Table [6.3] The rectangular domain, illustrated in Figure [6.4D)] is
used to show the capability of the second function set to represent arbitrary boundary

conditions.
v\ Tole) Bonla) T O T
F3 QnS(‘L) 1/}713(1) M"SJ(I) Qn - wn - ]uns =0
= =
e e 3 R
I I = =
3 S B
|£ |£ = =
Iy Ly, = I I + = 3
= = = =
Il Il
S S 2
3 oz
Ly . S S
I z @nl(‘L) Enl(z) M () Q, = % =Mps =0
(a) Sub-problems for proofing the T-completeness of the wave functions in set 1
Ya _ == /N 7 = _ W T _
Iy w3(x) Mps(z) tgs(x) w=>M,=9¢,=0
= =
o o 3 Q
Il Il = =
i TS e
Iy Ly I, = S S E B
= = = =
Il Il
s s € €
L, . I3 I3
Iy x w1 (x) Mnl(x) @sl(l‘) w = Mn = @s =0

(b) Sub-problems for proofing the T-completeness of the wave functions in set 2

Figure 6.4: Rectangular domains with arbitrary boundary conditions

135



6 Extension of the Wave Based Method to thick plate vibrations

For the first sub-problems in Figures and (zero boundary conditions at x = 0 and
x = L), the first wave functions of set 1 (®;,,, Pi,., Pi,) and set 2 (CD’ P! @;H)

Twl? T w2’
are applied. Evaluating the displacements rotations, bending moments and shear forces
using the formulas from Section [2.2.1| shows that the boundary conditions at the edges I'y
and 'y are only fulfilled if

sin(ki,, o Lz) = 0, (6.72)
sin(ki,, 2 Lz) = 0, (6.73)
sin(k;y; o Lz) = 0. (6.74)

The choice of ki, z, Kiy.z and ki, . given in Equations (6.63)) —(6.65) satisfies these

conditions and therefore the zero boundary conditions of the first sub-problems are ful-

filled. Similar, applying the second wave functions of set 1 (®;, ., ®;. ., ;) and set 2
6.4b)| (

(‘b; P <I>;-H) to the second sub-problems in Figures |6.4a] and

conditions at y = 0 and y = L,) leads to

zero boundary

sin(kj,, y Ly) = 0, (6.75)
sin(kj, .,y Ly) =0, (6.76)
sin(k;,, 4 Ly) = 0, (6.77)

for the boundary conditions at I'y and I's. These conditions are also fulfilled by the
wavenumbers given in Equations (6.63]) —(6.65)).

For the first sub-problem in Figure the boundary conditions at the edges I'1 and I's
have to be satisfied by the function series

1p1=0

o0 j k2 k2 k2 k2
wi@,y) = Y coshiy o) <u net g oV ) (6.78)

S 3 2 2 ; 2 2
—J 4/ kr—k; Yy iy Fro—k; Y
wa(w,y) = Y cos(kiypa ) (ﬁz‘wge et g, e VIR e ) (6.79)

Tw2=0
> j [/ k2—k2 i k2—k2

H(z,y) = Y sin(ki, o) (qu e +a;, e e ) (6.80)
ig=1

while the boundary conditions at the edges I'y and I'4 in the second sub-problem have to
be fulfilled by the function series

oo i k2 k2 iy k2 —k2
wl (m7 y) = Z Cos(kjwlyy y) (ﬁ]wl € : fl ]wbya: + ﬁ;wl eJ " et :U) ? (681)

jw1:0

00 i k2 g2 i k2, —k2
waw,y) = D cos(kjay y) (u e g e VI ) (6.82)

jw2:0
> iy Jk2-K2 ,/kgka. x

H(z,y) =Y sin(kj,yy) (um e + a5, sy ) (6.83)
ju=1

fk ke s A o
In Equations (6.78 -, Wiy Uj s Wiy F s igys Ugpry Ujy s W1y Ujos U5 Ujy and
ay, are arbltrary Constants

136



6.2 Application of the Wave Based Method

Evaluating Q,,(z,v), ¥n(x,y) and M,s(x,y) at the boundary I'; (y = 0) using the function
series in Equations (6.78]) —(6.80) and the relations stated in Section leads to the

conditions

Qn(l‘7 O) = k2 Gh ( Z II"L]- &iwl Cos(kjiwlyx "r)

1w1=0

(6.84)
+ Z 2 Bin Cos(kiwz,x $) + Z kiH,x éiH COS(k‘iH’x x) = @nl(m)’
iw2=0 ig=1
Un(2,0) = > (p1 —1) a4, cos(ki,, )
=0 . (6.85)
+ Z lwz COS(kaz x:l: + Z kZH QCCZH COS( ZHme) wnl( )
Tw2=0 ig=1
Mns(l‘,O) =D (1 - V) ( Z _(:ul - 1) kiwhx aiwl Sin(kiwl,ﬂb x)
1=0
— 3" (2 — 1) Kiyy o biyy sin(kip 0 7) (6.86)
fw2=0
k2 _
- Z ( iH,T )ClH sin(kiy o z) | = Mpsi(z),
=1
and the results for the second boundary I's (y = L) are given by
Qn(z, Ly) = K Gh ( Z 11 &fwl cos(kiy, 2 )
tw1=0
(6.87)
+ Z 142 5;02 cos(kiyp .z ) + Z iy x éz‘H cos(kiy zx) | = Q,5(7),
w2=0 ig=1
Yn(x, Ly) = Z (p1 —1)a;,, cos(ki, )
=0 . (6.88)
+ > (na—1)b;,, cos(kiyyn®) + Y Kig &y c08(kiy o) = Po3(2),
w2=0 ig=1
Mps(z,Ly) =D (1 —v) ( Z (1 — 1) ki z @i, sin(ki,, o)
201=0
+ > (2= D) ki b, sin(kiy, o) (6.89)
tw2=0
k2 —
+ Z ( iH,T )é;kH sin(kiy o ) | = Mnss(z),
=1

which have to be fulfilled for any point = € [0, L;] at the boundaries I'; and I's. The
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6 Extension of the Wave Based Method to thick plate vibrations

arbitrary constants in Equations (6.84) — (6.89) are defined by

CALiwl :J \/ k?l - ki2w1,x (aiwl - ’LALZUI), (690)
l;iwl :J \/ k‘?Z - ki2w2,x (aiw2 - a?wg% (691)

A A Ak

Ciny = Uiy + Uy, (6.92)
—j (K2 —K2 Ly joa/k2 k2 Ly

A¥ — 3 2 2 N f1 twlH T ok f1 Gyl T

aiwl - _J kfl - kiwl,m uzwl € uiwl € 5 (693)

7 _J k; Ly _] k k? Ly

* s 2 1.2 ~ f2 T2, T _onx f2 T2, T

tw2 T J kfz kinax ul’“’2 € uiqu € ’ (6'94)
N R e IRV A2 A P B 4 7S " S
&= —j | iye T4y e LHE . (6.95)

1H

The results in Equations (6.84)), (6.85]), (6.87) and can be considered as half-range
cosine Fourier series representations of the prescribed shear forces Q,,; and Q,,5 and pre-
scribed rotations 1,,; and 1,5, while Equations and are half-range sine Fourier
series representations of the prescribed bending moments M, and M ,,3. As long as the
distributions of the prescribed boundary conditions are piecewise continuous and bounded,
the Fourier cosine and sine series converge uniformly to the prescribed distributions and
the unknown coefficients in Equations f can be computed by the Euler for-
mulas for Fourier coefficients [299]. Discontinuities in the prescribed distributions reduce
the convergence rate of the Fourier cosine and sine series and may lead to the so-called
Gibbs phenomenon (over- and undershoots close to the discontinuity) [299]. While for the
Fourier cosine series this problem only arises if the prescribed distribution itself has a dis-
continuity, the Fourier sine series also suffers from this effect if the prescribed values at the
end points (x = 0 and x = L, ) are unequal to zero. This is due to the required assumption
of a periodic extension of the prescribed distribution outside the interval = € [0, L,].

The results for the second sub-problem in Figure can be found by interchanging x
and y in Equations f and replacing the indices i, with j, and the applied
boundary conditions from I'y and I's to 'y and I'y. Therefore, the function set 1 in Table
is able to represent arbitrary boundary conditions for a rectangular domain and forms
a T-complete function set for convex Mindlin plate domains.

The derivation for the function set 2 (rectangular plate in Figure leads to similar
results, where the prescribed displacements w, and bending moments M, are represented
by Fourier sine series and the rotation 1s¢ by Fourier cosine series. Hence, also the function
set 2 is a T-complete function set.

Special purpose functions

According to [17], the WBM suffers from convergency problems if singularities are present
in the field variables and therefore, so-called special purpose functions are included in the
field variable expansion to avoid this issue. The special purpose functions have to satisfy
the governing equations of the Mindlin plate and represent the singular behaviour of the
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6.2 Application of the Wave Based Method

field variables. The analytical solutions of the infinite wedge domain, given in Section
[6.1] can be used to treat corner stress singularities in the Mindlin plate theory. While for
hard simply-supported boundary conditions, the exact solutions are available (fulfilling
the governing equations and the boundary conditions), the solutions of the static problem
are used to define the special purpose functions for all other combinations of boundary
conditions. Three different types of corner functions have to be considered, which either

exhibit moment singularities, shear force singularities or both at the corner point. If
singularities are present at the corner point ¢;, the special purpose functions
) i ng”
~(ci _ A(Cz (Cz (Cl
Wi (Teir Pe;) = Z 1b Muprb T Z 1b me
b=1
o (6.96)
nMZ
~(ci) (c:) ~(ci) ~res) ~(ci) F(ei)
+ Z uMQ leMleb+uMQw2bT leb + MQ bTMQwﬂ)’
n(cl) (cz)
(1) o) p(ed) (es) A(e)
Wyli (Te;s Pe;) = Z Upp, 2bT b T Z 1b ngb T UQub TQunb
b=1
o (6.97)
) ) o) e o) e
~\Ci Ci A\Cj & Ci C;
2 000,00 Wit T 001G uob TGzt + I b Wi
b=1
ng\‘;i) )
Ar(ci) _ NED) NE)
U (re o) = Y uMHb MHb+ Z “QHb QHb
b=1
o (6.98)
LBV

~r(ci) a(ci)

A( z) ~( L)
y it + Ui Dt

N
UNQ 1 b

(Cz)
TG srb T Uhi ot

2

are included in the field variable expansion. These corner functions are defined in a local
corner coordinate system (rc,, ¢, ), which is given by the coordinates of the corner point
¢; and the associated bisecting line. As illustrated in Figure [6.5] the corner functions are
not necessarily restricted to one sub-domain «. While the corner functions defined at the

Ci+3

\Ci+ 9

Ci+4

Figure 6.5: Corner coordinate systems for special purpose functions within a WBM model
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6 Extension of the Wave Based Method to thick plate vibrations

corner ¢;14 only contribute to the field in the sub-domain «, the corner functions required
at the corner ¢; have to be included in the sub-domains «v and « + 1.

The first kind of corner functions exhibiting moment stress singularities are given by

rle) _ cos(Arp Pe;) Ins, (krire;), (6.99a)
M1 sin(Afzp Pe;) Iae (krire; ), (6.99b)
e _ cos(Asp @c;) J)\ﬁlb(]{?fQ ), (6.100a)
Mu2b = sin(Ayp e,) Ina (kg2 re,), (6.100b)
(6.101a)

)

T(Cq,) ) Sin(A?\/Ib @Cz‘) J)\fw,(ks Tci),
Mub =) cos(A\%y, ©e;) JAffu,(kS Te), (6.101b

with 1 < Aj;, < 2 the symmetric and 1 < Ay < 2 the anti-symmetric eigenvalues for
moment singularities. If both boundaries at the corner ¢; are hard simply-supported, the
eigenvalues from the analytical solutions A3, = Aj and X§;, = A} (Equation (6.54)) can
be applied. For other boundary conditions the eigenvalues from the static solutions (Table
are used to define the corner functions. The comparison of the static and dynamic
solutions in Section [6.1.3] shows that the same order of singularity in the moments is
induced if the eigenvalues are set to A}, = S\f\/[ + 1 and A§; = 5\‘}\4 + 1 for symmetric

boundary conditions and Ay, = A§;, = A + 1 for non-symmetric boundary conditions.
- (ci) (ci) - (ci)

Since the arbitrary contribution factors i, ,, 4,,’ , and (LY of the corner functions

representing moment singularities are independent from each other, the total number of
included functions at the corner ¢; is given by 3n§\3[i).

If the boundaries at the corner ¢; are not hard simply-supported, the eigenvalues exhibit-
ing moment or shear force singularities are not related. Therefore, corner functions are
required, which only lead to shear force singularities, while the moments remain bounded.
Using the analytical solutions from Equation (6.32)) and applying the additional restriction
from Equation (6.50) lead to the corner functions for shear force singularities

ple _ [ 050G ) Ing (R re), (6.102a)
Qu1b sin(AGy ©c;) Iag (K1 7e,); (6.102b)
)\S
—1 (ks '@
_ COS()\SQb ©e;) J)\gb(k‘fg Te,) 'Z; — k:;;) , (6.103a)

T(Ci)

|
E

)\a
Qb
—sin(Agy pe;) Iaa (krare;) Z ; ) : (6.103b)

— 1\ ks

1 AL
e COS()\sz ‘1001‘> J/\Z)b(k?fQ ’f’ci) s — 1 (kf2> ) (6.104&)

TQwa = 1 k )\aQb
in(Agy ¢e) Ing (kr2 e, =) 6.104b
sin(AGy ©e;) g ( fQTZ),UZ_l(ka) ( )
T(cl) ) Sin(/\sz (Pci) J)\(Sgb(ks rCz’)? (6.105&)
Qub — cos(AQy Pe;) Iaa (ks ;) (6.105b)

where 0 < )\SQb < 1 are the symmetric and 0 < )\‘éb < 1 the anti-symmetric eigenvalues
for shear force singularities. The eigenvalues A7), and ¢, are defined through the static
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6.2 Application of the Wave Based Method

solutions given in Table [6.1) with the relations Ay, = XSQ and A%y, = 5\“@ for symmetric
boundary conditions and /\Qb Aoy = )\Q for non-symmetric boundary conditions. Since
an additional restriction is necessary to define the corner functions for shear force singu-

larities, only two independent functions for each eigenvalue can be included. The corner

functions Tq(/) p and TéZ) have the same contribution factor u(Ql) p and Técl)b and Té? )2b

share the contribution factor uég’) This leads to a total number of 2 n(Ql)

for shear force singularities at the corner c¢;.

corner functions

For hard simply-supported boundary conditions a third type of corner functions, which
leads to moment and shear force singularities at the corner point c¢;, is defined. The
analytical solutions given in Equation (6.32)) can be used directly to define these corner
functions

—sin(Aygp @e;) C (kp2 ks) M Ya,, (kp2re;),

— Siﬂ(}\}g\JQb QOCZ) C (k;fl k ) \[Qb (Hl HQ) (ILL]_ — ]_) Y)‘UQ[ (k;,g TC,L-)7
COS()\‘]leb (IOCZ) C (kfl k ) '\IQb (,Ul MQ) (,Ull — 1) Y)\ﬁwb(ks Tci),

(ci
TMQ)Hb -

- Sin(A?\JQb 9001') C (ka k ) oy (Ml ,UJ?) (:UJQ - 1) Y)\MQb(kS TCi)?

ar(ci)
ThiQ b
O cosNbign 9ea) € (pa ko) (1 — p2) (1 = 1) Yy, (K e,),

s 25
() COS(/\MQb 9061') (JAﬁIQb(kfl TCi) -C kfl [Qb (1 —1) Y)\émb(kfl TCi))’ (6.106a)
Mleb - . a ,\
sin(Adugy Pe;) (Ing,, (kpi7e;) —C k (= 1) Yog,, (kpi7e,)),  (6.106b)
Feg [ oo ) €y bya) e (i = 1) Yag, (ki ), (6.1072)
wib = a
MQu1 — Sm(/\MQb ©e;) C (kfl k‘fz) o) (2 — 1) Y)\Wb(kfl Te:),s (6.107b)
s AS
T]\(ji) . cos(Aygp Pei) C (kg1 ks) e Y)‘ijfgb(kfl Te), (6.108a)
Qur sin(Aygp ¢e:) C (kg1 ke ) M Y)\ﬁl@,(kfl Te), (6.108b)
e cos(Nugy e:) C (kg1 kpa) i (pn — 1) Y, (kg2 re,), (6.109a)
2wl ) sin(Nigy per) C (gt o) oo (= 1) Yo, (kpare,), (6.109b)
s 25
T(Q) o cos(Ahop Pe; ) (J)\ijb(ka Te;) + Ckyy 2 (g — 1) Y,\%b(kﬁ re;)),  (6.110a)
w2 . a 2)\%
Sln()\MQb Soci) (J)\f{[Qb(ka Tci) + Cka o0 (,u2 — 1) YAnglw(ka ’I“Ci)), (6.110b)
S )\SI h
Fe) —cos(Aygp Pe;) C (kpa ks) e Y/\ifob(kﬁ Te;)s (6.111a)
MQwa (

— Sin()\?WQb Spci) <J)‘zsqu(k5 TCI) c ks M (/’L - MQ) Y)\\[Qb(ks Cz)) (61143‘)
cos(Nbiop Pe) ngy, (B ) = C k™ (g — o) Yog, (ko 7e)),  (6.114b)

with the constant C defined in Equation (6 and 0 < A3 Mgy = = A; < 1 the symmetric
and 0 < Afq, = Af < 1 the anti—symmetrlc elgenvalues given in Equation (6.54). The

different corner functions are related by their contribution factors “J(\/ch b (T(Cz)), ﬁ](\flgwb

T]\(jé)Hb -
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6 Extension of the Wave Based Method to thick plate vibrations

(Tsci)) and a}&gm (TECZ)) The total number of independent corner functions exhibiting
moment and shear force singularities at the corner c¢; is therefore given by Sns\%

The corner functions do not form a T-complete set and are only included to represent the
singularities in field variables.

Notes on the implementation of the function sets

As mentioned in e.g. [21] or [99], the following steps have to be considered in the practical
implementation of the function sets to yield proper results with the WBM:

a.) Function scaling

The numerical condition of the WBM model is strongly influenced by the amplitudes of
the included wave functions and special purpose functions and therefore a scaling of the
functions to a maximum amplitude of 1 is necessary [2I]. While for the wave functions
in Table a scaling factor in the exponent of the exponential functions is included
[99], it is advantageous to use an implementation of exponentially scaled Bessel functions
(J,(e) exp(—|Im(e)|) to scale the corner functions.

b.) Linear dependency of wave functions

At specific frequencies, the selection of the wave numbers given in Equations (6.63)) — (6.65))
leads to linearly dependent functions, which results in a singular system of linear equations
[99]. Removing the dependent wave functions from the field variable expansion resolves
this issue.

c.) Wave function truncation

(a)

wl

(@)

w2

()

To define the total numbers of included wave functions n and ny;’ in Equations

—((6.62)), the frequency dependent truncation rule

() o b)) B k) kS b > max (kY K, k), (6.115)

Tw1,27 Vw2, ViH,T VJwly? w2y’ IHSY fl ’ fl ’

n

with T the user-specified truncation factor, is applied. This truncation rule ensures that
the highest wavenumber in the field variable expansion exceeds the highest physical oscil-
latory wavenumber (kfi) by a factor of T [I7]. The wavenumber ky; is used, since it is
the only physical wavenumber which corresponds to travelling waves.

6.2.2 Construction of the system matrices

The field variable expansions in Equations - satisfy the governing equations
of the Mindlin plate theory exactly and therefore, only a fitting of the prescribed boundary
and interface conditions is required. The boundary and interface residuals are minimized
by the weighted residual approach outlined in Section which leads to a system of
linear equations with the unknown contribution factors e . The differential operators
for the boundary and interface conditions are defined in the following section and the
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6.2 Application of the Wave Based Method

differential operators (7,) used on the weighting functions are derived from the sub-region
three-field generalized mixed variational form of the Mindlin plate theory.

Boundary and interface conditions

The four different kinds of common boundary conditions in the Mindlin plate theory, given
in Equations (2.75) — (2.78), can be rewritten in terms of the three field variables wy, wo
and H by

B@u@ — B —o, e (6.116)
By — B(a) =0, rer® (6.117)
Bl u® -BY =0, rer() (6.118)
BUhu® —Bl, =0, rerl (6.119)

: @ _ [ (@ g@]" , , :
with the column vector u'® = {wl s wy ', H ] gathering the field variables in the
sub-domain « and the column vectors

w(@) oW @ (@
B - | o | B | e | B - | w0 |, B | 3 | e
5 - i o
gathering the prescribed boundary conditions. The boundary operators
r T ) T
1 K1 5n
a) _ () _ 2 o)
B =11], By =k Gh| 250w |
o
L 0 55
T 9 8 T
(@) v Do (@) U =1) (8 @ TV <a>2)
@ ) ey 2 2
By, =| e-Dge | By, =D | (n2-1) <8n(?04)2 Tt 85(?04)2)  (6.121)
o) 2
L a@ (1) gowrgsm
- T 82 T
(1 —1) 3S?a> (k1 = ) (@) 9s(@)
@ @ 2
= e
L an(@ 2 \ gs(@)? In(e)?
are collected in the matrices
B B B B
B = | BY | B = | By | Bo=| BY) | By = B | (6122)
(a) o (@) (o)
B"Z’s ngy)w BMns Bws
where =2 y and y are the normal and tangential derivatives at the boundaries of the

an() 8<a

sub-domain «.
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6 Extension of the Wave Based Method to thick plate vibrations

The interface conditions between two sub-domains o and § (Equation (2.79)) can be given
in terms of the field variables ©(® and u® by

B@u® - BDy®) =0, reT@d (6.123)
BWu® — By =0, rer®h (6.124)
with the modified boundary operator matrices
s 8
B =| -8By |, B =| B (6.125)
5] B1),

To ensure the well-posedness of the problem, either only the continuity of displacements
(FQ(LO"’B) =T@h) F((,a’ﬂ) = (Z)) or the equilibrium of forces and moments (F((fa’ﬁ) =T(@h)

Fq(f" - @) is imposed as a boundary condition on the sub-domain «, while the remaining
interface conditions are imposed on the sub-domain S3.

Weighted residual formulation

Applying the weighted residual formulation for the generalized Helmholtz problem (Equa-
tion ) to the Mindlin plate theory requires the definition of the partial differential
operators 'T.(a) for the weighting functions v(®). A general approach to find these par-
tial differential operators is a variational analysis of the problem at hand. Therefore, the
variational form of the Mindlin plate, given in Equation , is investigated and four
different partial differential operators

~Bg) ~Bg)
TW=-BY, T =8, T=| By | Tix=| BY | (612
Bl -BYy,

are identified. Finally, the weighted residual formulation for the Mindlin plate theory,
used within the framework of the WBM, is given by

([ (0w s )
a=1 u

+ / ((7’<“)v(a>)T By — B(")> ds
FE,OL) o o o

T =
o [ (et B B, ) as
1—\(¥
(o) T a(a) (o) (6.127)
@) () @) (o) _ Flo
+/1_‘uaa)2<<7:u72 ) B 2“’ Bua?) ds
e ( / (79 (B@u@ - Bu®) ds
B=1, B i ?)
@@\ (gle), (@ _ 5B, B) _
+/1“J°‘*ﬁ)(7; v ) (BU u B, u )ds)) 0,
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6.3 Modified selection of the wave functions

where the first four integrals enforce the boundary conditions at the sub-domain « and the
last two integrals ensure the continuity of displacements and rotations and the equilibrium
of forces and moments at the interface between the sub-domains « and £.

6.3 Modified selection of the wave functions

In this section, a modified selection of the wave functions is introduced, which is not
based on the smallest rectangular bounding boxes circumscribing the viewed sub-domains.
In the classical WBM the traveling and evanescent wave functions, included in the field

variable expansion of the sub-domain «, are defined within a sub-domain coordinate system
(x(Da), y(g)), which results from the rectangular bounding box circumscribing the sub-

domain «. The modified wave function selection uses the sub-domain coordinate system

( (a) (@)

Tn's Yp ) to specify the travelling wave functions in the sub-domain «, while a local

boundary coordinate system (a;l()f:), yl()(:)) is applied to define the evanescent wave functions

(a)

at the boundary I',”. The boundary coordinate systems for two connected sub-domains

«a and  are shown in Figure The xl()j)—axis always points inward the sub-domain «
and the associated yl()j)—axis originates from a rotation about the z-axis. At an interface

(@8 two different boundary coordinate systems, one for the sub-domain a and one for
the sub-domain S, is defined.

Figure 6.6: Boundary coordinate systems for the modified selection of the wave functions

The modified selection of the wave functions is mainly motivated by the results given in
[257], where the convergence rate of the WBM for a rectangular domain and a nearly
rectangular domain with a slightly rotated boundary are compared. Van Hal and his
co-workers [257] have shown that the convergency rate of the WBM for the rectangular
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6 Extension of the Wave Based Method to thick plate vibrations

domain is much higher compared to the slightly modified problem and introduced a mod-
ification of the field variable expansion by including more travelling waves. A minimal
improvement of the convergence rate has been reported [257].

The modification of the wave function selection in this work follows a different approach.
Due to the exponential decay, the evanescent waves in the field variable expansions hardly
contribute to the total value of the field variables inside the domain. The main purpose of
the evanescent waves is to capture near field effects close to the boundaries. For the rect-
angular domain, the evanescent waves are perfectly aligned with the boundaries, since the
bounding box is identical to the problem domain. For non-rectangular domains, this aline-
ment is not retained and the amplitudes of the evanescent waves become rather localized
at the boundaries as illustrated in Figure [6.7

(a) Square domain (b) Domain with inclined boundary

Figure 6.7: Evanescent wave function defined by the smallest rectangular bounding box

The modified wave function selection can be considered as a rotation of the evanescent
waves to restore the alignment with the boundaries. An evanescent wave defined through
the boundary coordinate system is shown in Figure and it is apparent that the rotated
wave becomes much more similar to the wave defined at the rectangular domain (Figure
compared to the original wave (Figure . A drawback of the modification is that
the T-completeness of the modified wave function sets cannot be proven as in Section [6.2.1]

Figure 6.8: Evanescent wave function defined through the boundary coordinate system
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6.3 Modified selection of the wave functions

The numerical results shown in Section indicate though that the modified function sets
are still T-complete for convex sub-domains.

As long as the frequency is lower than the cut-off frequency w. = 4/ ]‘i—g, the physical
wavenumber ky; is a real number and the physical wavenumbers ko and k4 are imaginary
numbers. Therefore, the wave functions included in the expansions of the field variables

(a)

wy ~ and H (@) are always evanescent waves, independent of the chosen wavenumbers in

Equations (6.64]) and (6.65)). The wave functions included for the field variable wga) are
either travelling waves (the wavenumber in Equation (6.63) is low) or evanescent waves

(the wavenumber in Equation ((6.63)) is high).

The modified wave function selection results in the following basis functions for wga), wéa)

and H(@):
(a)

Wave functions for w;’ (travelling waves):

0@ _ (@) (@) (@ (o
et el N s R
CIJJ L= ( JkrjwlxxD ) cos(kjulny )
@) _ (@) e (o)
Set 2 (I),( o sin(k ”(a) )(j)x p( Z”Iyyfa) (6.129)
;0 exp( ik 2D ) sm( i 17ny )
with the wavenumbers
N L \/(k:(‘“)Q — (k) )2 (6.130)
w1, T nga) w1,y f1 Twl, @ ) .
B JZ@ Tooad KL = () - (0,) 68y
Yy

The travelling waves for the expansion of the field variable wga) are identical to the orig-

inal wave function selection and are defined within the local domain coordinate system

(x%), y%)) The integer indices i,,1 and j,,1 start from 0 for the function set 1 and from 1

for set 2. As long as k:( ) and k( ) , are real valued, the wave functions CIJ(a) @gz)l, @;Sz)
and (I)j(wl) are travelling waves. Startmg from 4, > (kj(cl L(a))/ﬂ and jy,1 > (k;l) g(, ))/77,
the wave functions become evanescent and the following different definition of the wave

functions is applied.

Wave functions for wga) (evanescent waves):

et 1: 0 = cos () 1) exp (iR, 2l (6.132)
et 2: 0 = sin(K, 4 exp (i), o). (6.133)
with the wavenumbers
o lyrm @ a)) 2 o 2
T ORI CED R (6.134)
b
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6 Extension of the Wave Based Method to thick plate vibrations

The integer index k represents the considered boundary I’ (a) and L( ) is the length of

the boundary. The wave functions in Equations (6.132) and (6. 133|) ‘are defined in the
(@)  (a)

local boundary coordinate system (l’bk » b, ) and the integer index [,,1 starts from [,,; >
(k) L)) .
Since the wave functions for the field variables wéa) and H( are always evanescent, only

one definition of the wave functions is required.

. e}
Wave functions for wé ) (evanescent waves):

Set 1: <I>( ) = cos(k:l( iyyék)) exp(j kz(jix x,()j)) (6.135)
e 2 01 = (K, o) exp( K2, 24 130

with the wavenumbers

(@) _ tw2® (@) _ (a))2 (@) \2
kiw%y - L(a) and kiw27x - \/(ka > - (kiwg,y> N (6137)
by,

The integer index i,9 starts from 0 for the first function set and from 1 for the second
function set .

Wave functions for H® (evanescent waves):

Set 1: <I>Z(-3) = Sin(k:z(z)’y ylgz)) exp(J k‘l(g)x :rl(,k)) (6.138)
Set 2: @2;) = Cos(k‘( )y yék)) eXp(J kZ(H)x xl(,k)) (6.139)

with the wavenumbers

O S C I \/ (/-cé‘”‘)) (k“")) . (6.140)

LH,Y L(a) LH,T LH,Y
by

The integer index iy starts from 1 for the first function set and from 0 for the second
function set.

Since the amplitudes of the wave functions defined above are always smaller than 1, a wave
function scaling is not necessary for the modified wave function selection. For a rectangular
problem domain, the wave functions from the modified selection become identical to the
originally propose wave function selection. The truncation rule given in Equation (6.115))
can also be applied for the modified wave function selection.

6.4 Validation examples

In this section, the WBM is applied to different steady-state harmonic plate bending
problems to investigate the computational efficiency and accuracy of the method. A
convex plate geometry with various types of boundary conditions and harmonic loadings
is examined in Section In these kinds of problems the WBM models consist of
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6.4 Validation examples

only one domain and the decomposition into several sub-domains is avoided. In Section
non-convex plate domains are analyzed and the influence of the decomposition of the
problem domain on the computational properties of the WBM is shown.

The main objectives of the validation examples are:

e Verifying the capability of the WBM to solve plate vibration problems governed by
the Mindlin plate theory

e Comparing the original and modified wave function selection regarding their com-
putational accuracy and efficiency

e Studying the properties of the different wave function sets and the effects of special
purpose functions for corner stress singularities

e Investigating the influence of the direct solvers used to calculate the contribution
factors in the WBM

e Analysing the computational efficiency of the WBM compared to the classical FEM

The WBM models are built and solved with MATLAB® R2017b and an Intel® Core™
i7 system (4 x 3.4 GHz, 16 GB RAM), running a Windows 10 operating system, is used to
perform the calculations. In [I76] it is shown that a numerical evaluation of the integrals
arising in the weighted residual formulation of the WBM can be performed in a highly
efficient way. As in [I7], the Gauss-Legende quadrature rule is applied to numerically
evaluate the integrals, while the rule to chose the optimal number of Gauss points, given
in [I7], is slightly modified to

ng

T, = max(0.54T k¢ + 60, 90), (6.141)
with ng the number of Gauss points and L; the length of the viewed boundary. Compared
to the rule given in [I7], twice as many Gauss points are used to ensure an accurate
evaluation of the integrals especially if special purpose functions are included. To solve
the system of linear equations resulting from the weighted residual formulation either
the LU-factorization with partial pivoting, which is implemented in the Matlab function
linsolve, or the singular value decomposition (SVD) is applied.

In lack of analytical solutions for the considered plate vibration problems, the reference
solutions to compare the results of the WBM are calculated with the FEM. The commercial
software ANSYS® 17.1 is used to build the FEM models and the quadratic 8-noded
quadrilateral Shell281 element, which has the Mindlin theory implemented, is applied. To
get highly accurate reference solutions, very fine FEM meshes are required and therefore,
the calculations are performed on an Intel® Xeon™ server (8 x 2.9 GHz, 192 GB RAM)
running a Windows server 2012 operating system.

To assess the accuracy and efficiency of the WBM, contour plots of the primary field
variables (w, 15, 1) and the absolute error compared to the reference solution

el = | e wBM — ®Rer |, (6.142)

with epy the value of the field variable (w, v, 1) calculated with the WBM and e pes
the value of the reference solution, are shown. Furthermore, frequency response functions
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6 Extension of the Wave Based Method to thick plate vibrations

(FRF) over a wide frequency range are calculated with the WBM and the averaged absolute
values of the field variables

1 <&

>l (i), (6.143)

Nrp 324

avg(| o) =

are compared to the reference solutions. In Equation nyp denotes the total number
of response points, (x;, y;) the coordinates of the response points and e = {w, 5, ¥y }.
The influence of the different wave function selections and the included wave function sets
is investigated through convergence curves, where the averaged relative error

Nrp . ) . .
6y = L 5™ Lownnr (wioyi) = ener (@i vi)| (6.144)

Nyp i—1 | ® Ref (:Ei, yz)’

is plotted against the total number of included wave functions (# dofs).

To illustrate the computational efficiency of the WBM, several WBM and FEM models are
built and the averaged relative error of the models compared to the reference solution is
plotted against the computation time. Since the system matrices of the FEM are generally
frequency independent, only the direct solution time of the system of linear equations is
taken into account, while the time to build the linear system is not considered. In the
WBM the system matrix has to be computed for every frequency and therefore, the time
to build and solve the linear system is included. All computations for the comparison are
performed on an Intel® Core™ i7 system (4x 3.4 GHz, 16 GB RAM) and no parallelization
of the computations is applied to ensure a proper comparison.

6.4.1 Single domain problems

The geometry of the single domain problems is shown in Figure[6.9] The polygonal plate
has the dimensions Lg) = 1m and Lg(/l) = 0.5m and is bounded by four edges Fgl) — FS).
The material properties of the steel plate are F = 2.1 x 101! N/m?2, p = 7850kg/m?3, v =
0.3 and n = 0 and three different thicknesses, see Table are considered. The shear cor-
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B ngl)zlm N
————— C4 — ——— — — — — — — —
XQ%AS ) C3 : e N Y
Ty .\ | = 1 ]0.00m | 0.00m
(1) ([
T | 2 | 1.00m | 0.00m
0 Fgl) I i
e 3 | 0.75m | 0.40m
A |
O\ ) A\ . 4 10.30m | 0.50m
cl Co T

Figure 6.9: Geometry of the single domain problems
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rection factor ky is used in the Mindlin plate theory. In Table the ratio of the smallest
lateral dimension to the plate thickness, the frequency of the lowest, simple thickness-shear
mode and the frequency limits for the Kirchhoff plate theory are listed. While the plates
with thickness h; and ho are generally considered as thin plates, the plate with thickness
hs is moderately thick.

Table 6.4: Thicknesses of the convex plate configurations and Kirchhoff limits

example | A[m] | LY /0 | fo[Hz] | famg H2] | feres (]
h 0.005 100 320766 2791 5613
ho 0.010 50 160383 1395 2807
hs 0.025 20 64153 558 1123

Four different types of boundary conditions are considered in the following sections. For
the clamped and free plates, the boundary conditions at all four edges are identical, while
the cantilever plate has one clamped boundary and three free boundaries. For these three
types of boundary conditions no stress singularities are present at the four corner points.
In the last configurations, all boundaries are hard simply-supported and stress singularities
arise in the corners c3 and c4.

A FEM model with a maximum element size of 0.001 m (at least &~ 90 quadric elements
per wavelength) is used to calculate the first 100 eigenfrequencies (bending) of the different
plate configurations to assess the relevant frequency ranges. Three different frequencies
are examined for each thickness and boundary condition, which are located after the

Table 6.5: Modal analysis of the convex plate configurations

> 10 modes > 40 modes > 70 modes 100 modes
bed h

fHz] | X[m] | f[Hz] | A[m] | f[Hz] | Afm] | f[Hz] | Am]
hy | 850 | 0.2402 | 2610 | 0.1366 | 4195 | 0.1075 | 5772 | 0.0914
clamped | hy | 1650 | 0.2427 | 5080 | 0.1367 | 8000 | 0.1078 | 10850 | 0.0917
hs | 3850 | 0.2444 | 10700 | 0.1386 | 15870 | 0.1094 | 20501 | 0.0931
hy | 220 | 0.4726 | 1310 | 0.1933 | 2550 | 0.1382 | 3769 | 0.1135
free ho | 440 | 0.4723 | 2580 | 0.1935 | 4970 | 0.1382 | 7246 | 0.1136
hs | 1050 | 0.4794 | 5900 | 0.1941 | 10700 | 0.1386 | 14885 | 0.1138
hy | 420 | 0.3419 | 1780 | 0.1657 | 3170 | 0.1239 | 4506 | 0.1036
cantilever | ho | 840 | 0.3411 | 3500 | 0.1656 | 6120 | 0.1241 | 8590 | 0.1038
hs | 2000 | 0.3445 | 7750 | 0.1668 | 12770 | 0.1249 | 17061 | 0.1046
hy | 670 | 0.2706 | 2300 | 0.1456 | 3800 | 0.1130 | 5291 | 0.0955
hard SS | he | 1300 | 0.2738 | 4600 | 0.1439 | 7310 | 0.1131 | 10054 | 0.0955
hz | 3150 | 0.2718 | 9800 | 0.1459 | 15060 | 0.1130 | 19704 | 0.0955
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6 Extension of the Wave Based Method to thick plate vibrations

10*"-bending mode, the 40**-bending mode and the 70*"-bending mode. An overview of
these frequencies f and the bending wavelengths A is given in Table Comparing the
frequency limits of the Kirchhoff plate theory given in Table with the frequencies listed
in Table it is apparent that accurate results over the complete frequency range can
only be expected from the Kirchhoff plate theory for the plates with the thickness h;.

The details of the FEM models used to calculate the reference solutions for the error
plots and convergence curves are given in Table The same FEM mesh is applied for
one type of boundary condition independent of the plate thickness or viewed frequency.
Even though the geometry of all validation examples is the same, the FEM meshes differ
between the applied boundary conditions, since the plate loadings are not identical. An
accurate representation of the loadings in the FEM models is necessary to get accurate
results, which leads to a different number of nodes (# nodes) and elements (# elements)
among the four boundary conditions. Especially for the hard simply-supported plates, a
mesh refinement at the corner points c3 and ¢4 is necessary to capture the corner stress
singularities. Since very fine FEM meshes are applied (more than 200 quadric elements
per wavelength), highly accurate reference solutions can be expected.

Table 6.6: FEM reference models for the convergence analysis

bed max(el. size) [m] | #nodes | # elements | min(#el./\)
clamped 0.00050 7408526 2467599 215
free 0.00055 7077725 2357474 251
cantilever 0.00055 5693529 1896066 225
hard SS 0.00055 7532205 | 2508486 205

Since the FEM models listed in Table are too computationally demanding to calculate
frequency response functions over a wide frequency range (~ the first 100 bending modes),
models with less degrees of freedom are used to get a reference solution. Again, the
same FEM mesh is applied for one type of boundary condition independent of the plate
thickness or viewed frequency step. According to Equation , ten quadric elements
per wavelength are required to control the pollution error for the highest frequencies in
the frequency response functions. Although, the element size is increased compared to

Table 6.7: FEM reference models for the FRF

bed max(el. size) [m] | # nodes | # elements | min(#el./\)
clamped 0.005 74580 24669 20
free 0.005 86215 28544 24
cantilever 0.005 69473 22962 22
hard SS 0.005 69473 22962 20
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the models in Table at least 20 elements per wavelength are used, which exceeds the
requirement of Equation (3.15)) by a factor of two.

The convergence curves of the FEM are determined by decreasing the mesh size of the
FEM models from 0.05m (at least ~ 2 elements per wavelength) to 0.001 m (at least ~ 90
elements per wavelength) in 13 steps.

To enable a detailed analysis of the properties of the WBM, each validation example
is calculated with various WBM models. Either the original or modified wave function
selection is used and models applying only the first wave function sets (set!) or both
sets (set1a2) are built. The resulting systems of linear equations are solved with the LU-
factorization or the SVD and the truncation factor is varied from T = 0.5 to T' = 8 in
steps of 0.25. If corner stress singularities are present, additional models including special
purpose functions (set1CF, set1a2CF) are built.

A regular grid of approximately 10000 response points inside the problem domain is used
to calculate the errors and averaged values of the field variables. To avoid high relative
errors close to nodal lines (zero values of the field variables), only response points having
an amplitude greater than 5% of the maximum value are included in the prediction of the
averaged relative error (9).

Clamped plate

In Figure the boundary conditions and loading of the clamped plate configurations
are illustrated. The out-of-plane displacement and rotations are set to zero at all four
edges and an alternating circular load with an amplitude of g, = 10N and a radius of
rog = 0.07m harmonically excites the plate. The smallest rectangular bounding box used
to define the wave functions in the WBM is indicated by the dashed lines. At corner
points with two clamped boundaries, stress singularities are only exhibit if the internal
angle exceeds 180°, which is not the case for the given examples. Therefore, no special
purpose functions are included in the WBM models. The particular solution functions

given in Equations ((5.111]) —(5.113)) are used to represent the harmonic loading.
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Figure 6.10: Boundary conditions and harmonic loading of the clamped plates
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Figure 6.11: Out-of-plane displacement and rotations about the x- and y-axis of a clamped
plate (h = 0.005m) excited by an alternating circular load at 2610 Hz calcu-
lated with the original WBM using only the function set 1 and a truncation
factor T' = 2

The contour plots of the field variables (w, v, 1) and absolute errors compared to the
reference solution for the clamped plate with a thickness h = 0.005 m excited at 2610 Hz
are shown in Figures [6.11] and [6.12] The results in Figure [6.11] are calculated with the
original wave function selection, while the modified wave function selection is used in
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Figure 6.12: Out-of-plane displacement and rotations about the x- and y-axis of a clamped
plate (h = 0.005m) excited by an alternating circular load at 2610 Hz calcu-
lated with the modified WBM using only the function set 1 and a truncation
factor T' = 2

Figure [6.12] In both computations only the first wave function sets are included and a
truncation factor of T' = 2 is applied, which leads to 278 wave functions for the original
and 244 wave functions for the modified wave function selection. The system of linear
equations is solved with the LU-factorization. The contour plots show that the clamped
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6 Extension of the Wave Based Method to thick plate vibrations

boundary conditions are accurately represented by both WBM models and therefore, the
prediction errors |e| are rather low. Although, the original wave function selection leads
to an accurate result, the error of the modified wave function selection is even about one
order of magnitude lower, while using less degrees of freedom. This shows the advanced
convergence properties of the modified wave function selection.

The contour and error plots for all other thicknesses and frequencies can be found in
Appendix [E] in Figures [E-I]-[E.I6] Since the viewed frequencies are situated directly after
the 10**-bending mode, the 40*-bending mode and the 70*"-bending mode, the plate
deformations are very similar among all plate thicknesses. The WBM models, which
apply the modified wave function selection, have a similar accuracy for all other clamped
plate examples, independent of the plate thickness or viewed frequency. The contour plots
calculated with the original wave function selection show that the clamped boundary
conditions are not always accurately fulfilled, especially for higher frequencies and plate
thicknesses, see e.g. Figures[E.7a] [E.7d and [E.7¢, Therefore, the results calculated with the
original selection are less accurate and contrary to the modified wave function selection,
the error |¢| depends on the viewed frequency and plate thickness. An analysis of the
system matrices is carried out to investigate the different computational properties of the
two wave function selections.

The system matrices of the WBM are generally ill-conditioned and therefore, accurate
solutions can only be obtained if the Picard conditions stated in [I77, [I78] are satisfied.
To verify the Picard conditions, a singular value decomposition [300] of the WBM system
matrix

A=UxVH (6.145)

where A is the WBM system matrix, ¥ a diagonal matrix containing the singular values
i, U and V two orthonormal matrices and e/’ the complex conjugate transpose, has to be
performed. Furthermore, the coefficients 3; = U#! b, with U; the ith-column of the matrix
U and b the right hand side vector of the WBM linear system, have to be calculated. The
Picard conditions are fulfilled if [21]

e the singular values o; are ordered in a descending sequence and the difference of two
consecutive singular values is only large at the lower end of the sequence and

e the absolute values of the coefficients 3; are smaller or of the same order of magnitude
as their associated singular value o;.

The singular values o; and absolute values |3;| of the two WBM models applied to calculate
the results in Figures and are plotted in Figure It is apparent that the
condition number of the original wave function selection (= 4 x 10?! (double precision),
~ 9 x 10%® (quadruple precision)) is significantly worse compared to the modified selection
(= 5 x 10'? (independent of precision)).

For the original wave function selection, the standard double precision floating point arith-
metic is not accurate enough to calculate the actual singular values of the system matrix,
which leads to several similar numerical values for small o; (horizontal line at the lower
end of the plot). Therefore, a multiprecision toolbox for MATLAB® R2017b [301] is used
to compute the singular values with quadruple precision (approximately 34 decimal dig-
its). At the beginning of the sequence, the singular values are identical between the double
and quadruple precision computations, but starting from approximately the 220" singular
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Figure 6.13: Picard conditions for the original and modified wave function selection (cla-
mped plate)

value a huge difference appears. Furthermore, not even quadruple precision is sufficient to
calculate all singular values correctly, which is apparent by the horizontal line at the end
of the plot in Figure [6.13

Although, the Picard conditions are still roughly fulfilled by the original wave function
selection, the system matrix of the modified selection has considerably better properties.
Hence, the accuracy of the WBM using the original wave function selection is generally
limited due to the bad conditioning of the system matrix and the inevitable round-off
errors in double precision. This effect is more pronounced at high frequencies, since a
constant truncation factor 7" leads to an increasing number of wave functions in the WBM
model for rising frequencies and the conditioning of the WBM system matrix becomes
worse.

In Figure the frequency response functions for the clamped plate with thickness
h = 0.025m calculated with the WBM and the FEM are compared. The WBM models
are built with the modified wave function selection and both function sets are applied.
The truncation factor is set to T' = 2 and the system of linear equations is solved with
the LU-factorization. The frequency starts at 50 Hz and is increased to 20050 Hz in 2000
steps. Therefore, approximately the first 100 bending modes are included in the response
function. The WBM results are in excellent agreement with the reference solution over
the complete frequency range, even at high frequencies and close to eigenfrequencies. The
averaged values of the field variables are plotted to capture the accuracy of the WBM
in the whole plate domain. The results for the plates with the thicknesses h = 0.005m
and h = 0.01m are similar, which can be seen in the Appendix [E] in Figures and
Due to the numerical instabilities of the original wave function selection caused by
the ill-conditioning of the system matrix and round-off errors, see above, the FRF is not
calculated with the WBM using the original selection.
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Figure 6.14: Frequency response functions of a clamped plate (b = 0.025m) excited by an
alternating circular load calculated with the FEM (reference mesh) and the
modified WBM (function set 1 and set 2, T = 2)

158



6.4 Validation examples

10! 10! 10!
1071 1 1071 : 1071 l
<1073 | 1 =103 1 =103 2
1075 s 1075 s 1075 s
10_7101 162 163 104 10_7101 162 163 10% 10_7101 162 163 10*
# dofs # dofs # dofs
(a) 1650 Hz (b) 5080 Hz (c) 8000 Hz

Figure 6.15: Convergence curves of the out-of-plane displacement (clamped plate with
h = 0.01 m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure 6.16: Convergence curves of the rotation about the z-axis (clamped plate with
h = 0.01 m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure 6.17: Convergence curves of the rotation about the y-axis (clamped plate with
h = 0.01 m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))

The convergence rates of different WBM models (solved with LU-factorization) for the
clamped plate with thickness h = 0.01 m and all three frequencies are illustrated in Fig-
ures [6.15]-[6.17 The models using the modified wave function selection nearly uniformly
converge to highly accurate results for each frequency (less than 0.001% error), while the
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6 Extension of the Wave Based Method to thick plate vibrations

original wave function selection stagnates at a certain error level for the first two fre-
quencies (1% for f = 1650 Hz and 3.5% for f = 5080 Hz) and does not converge for the
highest frequency. Apparently, including the second wave function sets (setla2) hardly
influences the convergence rate of the WBM for the given examples. At the lowest excita-
tion frequency f = 1650 Hz both wave function selections only require approximately 100
wave functions to calculate the amplitudes of the field variables with an error less than
1%. Even for the second frequency f = 5080 Hz and third frequency f = 8000 Hz, only
160 and 260 wave functions have to be included in the WBM models using the modified
selection.

According to Section[6.2.1] the WBM using the original wave function selection should con-
verge to the analytical solution of the plate vibration problem. The bad conditioning of the
WBM system matrix and the inevitable round-off errors in the numerical implementation
cause instabilities in the calculations and prevent the convergence of the results. In Figure
the convergence curves of the original WBM for the clamped plate (h = 0.001 m) ex-
cited at 8000 Hz computed with double and quadruple precision are compared. While the
relative error fluctuates between 8% and 400% for the computations in double precision,
the quadruple precision arithmetic leads to a stable relative error of approximately 8%.
These results clearly show the influence of the conditioning and round-off errors on the
accuracy of the original WBM.

10! ‘ 10! ‘ 10!
100 |- - 100 - 100 -
= = =
1071 | - 10~ - - 10~ |- -
102 ; 10—2 ; 10—2 ;
102 10° 104 102 10° 104 102 103 104
# dofs # dofs # dofs

(a) Out-of-plane displacement (b) Rotation about the x-axis (c) Rotation about the y-axis

Figure 6.18: Convergence curves (clamped plate with A = 0.01 m excited at 8000 Hz) for
the original WBM in double precision (set! (—e—), setla2 (——)) and quadru-
ple precision (set! (——), setla2 (—=—))

The convergence curves for the clamped plates with thickness h = 0.005m and A = 0.025m
are given in Appendix [E] in Figures [E:19-[E:24 For the thin plate with thickness h =
0.005m, the WBM using the original wave function selection stagnates at a relative error
of approximately 0.8% to 2%, while for the thick plate (h = 0.025m) a fluctuation of the
relative error between 2% and 20% occurs. As expected, the accuracy of the WBM models
applying the modified wave function selection are hardly influenced by the thickness or
excitation frequency and the results uniformly converge to a relative error of less than
0.001%.

To show the computational efficiency of the WBM, the convergence curves of the out-of-
plane displacement for the clamped plate with thickness h = 0.01 m with respect to the
computation time are illustrated in Figure [6.19] The WBM models apply the modified
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wave function selection and the LU-factorization is used to solve the linear system of
equations. Even though, quadric elements are used in the FEM, the convergence rate of
the WBM is considerably higher. Depending on the viewed frequency, the computation
time of the FEM to reach a relative error of 1% is approximately 12 times (f = 1650 Hz),
40 times (f = 5080 Hz) and 90 times (f = 8000 Hz) higher compared to the WBM. The
results for the rotation about the z- and y-axis and the other two thicknesses are practically
identical and therefore not shown.

10! 10! 10!
1071 | - 1071 | - 1071 A :
<1073} 4 =103 4 =103 .
107° . 1075 | = 105 | -
-7 | -7 | 7 |

| | 10 | | 10 | |
10-2 10 10* 10* 0% 10° 10* 10* 102 10° 10* 10*
computation time [s] computation time [s] computation time [s]

(a) 1650 Hz (b) 5080 Hz (c) 8000 Hz

Figure 6.19: Convergence curves of the out-of-plane displacement (clamped plate with
h = 0.01) for the FEM (——) and the modified WBM (set! (—=—), setla2
(=)

According to the rule given in Equation , the FEM with quadric elements (p = 2)
requires 7.08 (1650Hz), 8.18 (5080Hz) and 8.68 (8000 Hz) elements per wavelength to
control the pollution error. While this rule leads to an error of 1.9% for f = 1650 Hz and
3.6% for f = 5080 Hz in the given example, the error increases to 15.7% for f = 8000 Hz.
The growing error indicates that the constant C in the rule to control the pollution error
(Equation (3.13)) is actually frequency dependent for plate bending problems. Changing
the constant C' in Equation from 1 to 0.1, reduces the error for the clamped plate
examples to less than 2% in the complete frequency range. As stated in [96], an a priori
error estimator would be required to define a more appropriate rule, which is not yet
available in the literature for plate bending vibration problems.

Free plate

The boundary conditions and loading of the free plate configurations are shown in Figure
[6.20] All four edges can move freely and therefore, the normal bending moments, the
twisting moments and shear forces are equal to zero at the boundaries. The free plates are
excited by a harmonic ring load with a constant amplitude of g, = 10 N/m and a radius of
ro = 0.09 m. The smallest rectangular bounding box is identical to the one of the clamped
plate and indicated by the dashed lines. If free boundary conditions are imposed on the
edges at a corner point, stress singularities only occur for internal angles greater than 180°
(see Section . Since all internal angles in the plate domain are smaller than 180°,
no stress singularities are exhibit and special purpose functions are not included in the
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Figure 6.20: Boundary conditions and harmonic loading of the free plates

following WBM models. The constant ring load is represented by the particular solution

functions given in Equations (5.63) and (5.64]).

The contour and error plots of the out-of-plane displacement and the rotations about the
x- and y-axis for the free plate with a thickness h = 0.005 m excited at 1310 Hz are shown
in Figures and A WBM model using the original wave function selection is used
to calculate the results in Figure while the modified selection is applied in Figure
6.22 The truncation factor is set to T = 2 and only the first wave function sets are
included, which leads to a total number of 200 wave functions for the original selection
and 176 wave functions for the modified selection. The resulting linear systems are solved
with the LU-factorization.

The contour plots of the field variables calculated with the original and modified wave
function selection are similar, but the error plots in Figures and show that
the accuracy of the WBM model using the original wave function is approximately two
orders lower compared to the modified wave function selection. Furthermore, the absolute
errors of the original wave function selection in Figure [6.21] are of the same order as the
amplitudes of the field variables and therefore, a sufficient accuracy is not yet reached.

Since the accurate representation of the boundary conditions cannot be recognised from
the contour plots, the averaged boundary residuals

1 _
avg(|Ru,|) = / M{WPM) 0, | ds, (6.146)
' Lynag Jr
1 _
avg(|Ras,.|) = / M{WEM) _ 77, 1 ds, (6.147)
" Lyna Jr
1 _
avg(|Rq,|) = To /F Q%WBW—Qn‘ds, (6.148)

with Ly,q the total length of the boundary, M,, =0, M,, = 0 and @n = 0 the prescribed

boundary conditions and MTELWBM), TELZV BM) and Q;WBM) the moments and shear force

calculated with the WBM models, are computed. The integrals in Equations (|6.146|) —
(6.148)) are evaluated numerically with the trapezoidal rule, which is implemented in the
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Figure 6.21: Out-of-plane displacement and rotations about the x- and y-axis of a free
plate (h = 0.005m) excited by a constant ring load at 1310 Hz calculated
with the original WBM using only the function set 1 and a truncation factor
T=2

Matlab function trapz. Additionally, the averaged amplitudes of the moments (avg(|M,|),
avg(|My|), avg(|Myy|)) and shear forces (avg(|Qz|), avg(|Qy])) in the whole plate domain
are calculated for the reference solution, to be able to quantify the boundary residuals.
The averaged boundary residuals for the WBM using the original wave function selection
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Figure 6.22: Out-of-plane displacement and rotations about the x- and y-axis of a free
plate (h = 0.005m) excited by a constant ring load at 1310 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor
T=2

are given by avg(|Raz,|) = 0.0026 N, avg(|Ras,,|) = 0.062N and avg(|Rq, |) = 1.659N/m,
while the modified selection leads to the residuals avg(|Ryy,|) = 0.0022N, avg(|Ras,,.|) =
0.0016 N and avg(|Rg,|) = 0.291 N/m. Comparing the residuals with the averaged mo-
ments avg(|M,|) = 0.138N, avg(|M,|) = 0.191N and avg(|M,,|) = 0.084N and shear
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6.4 Validation examples

forces avg(|Q|) = 6.154N/m and avg(|Qy|) = 7.061 N/m, shows that the original wave
function selection is not able to accurately represent the boundary conditions, especially
the twisting moment M, (residual ~ 50% of the averaged moment) and normal shear
force @y, (residual ~ 25% of the averaged shear force). The residuals of the WBM model
using the modified selection are significantly lower (= 1% to 5% of the averaged values),
which leads to the large difference in accuracy between the two models.

To verify the Picard conditions for the WBM models used to calculate the plate defor-
mations shown in Figures [6.21] and [6.22] a SVD of the system matrices is performed
and the singular values o; and coefficients |3;| are plotted in Figure Similar to
the clamped plate examples, the original wave function selection leads to a system ma-
trix having a rather poor conditioning number (cond(A) ~ 3 x 10?! (double precision),
cond(A) ~ 2 x 103 (quadruple precision)) compared to the modified wave function selec-
tion (cond(A) =~ 1 x 10'° (independent of precision)). The system matrix of the modified
WBM fulfills both Picard conditions, while for the original WBM model, the ratio of the
coefficients |3;| to the singular values o; becomes rather high at the end of the sequence,
which violates the second Picard condition. This violation is only evident if quadruple
precision is used to build the WBM model, since in double precision the singular values
become constant at the end of the sequence and remain well above the constants |3;].
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Figure 6.23: Picard conditions for the original and modified wave function selection (free
plate)

The contour and error plots for all other thicknesses and frequencies are shown in Appendix
[E]in Figures [E:25-[E.40} Similar to the findings for the clamped plate configurations, the
modified wave function selection leads to highly accurate results independent of the plate
thickness or excitation frequency, while the performance of the original wave function
selection strongly depends on the thickness and frequency. The plate deformations are
very similar among the plate thicknesses, since the viewed frequencies are situated between
the same eigenmodes of the plates.
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Figure 6.24: Frequency response functions of a free plate (h = 0.025m) excited by a con-
stant ring load calculated with the FEM (reference mesh) and the modified
WBM (function set 1 and set 2, T' = 2)
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The frequency response functions of the free plate with a thickness A = 0.025 m calculated
with the WBM and FEM are compared in Figure [6.24f The modified wave function
selection is used to build the WBM model and both wave function sets are included. The
truncation factor is set to T' = 2 and the LU-factorization is applied to solve the system
of linear equations. To include approximately the first 100 bending modes, the excitation
frequency starts at 50 Hz and is increased to 15050 Hz in 2000 steps. Since the truncation
factor is constant, the total number of wave functions in the WBM model rises from 44
to 568. Similar to the results of the clamped plate configurations, the WBM solutions
are in excellent agreement with the reference model over the whole frequency range, even
close to eigenfrequencies. The results for the free plates with the thicknesses A = 0.005m
and h = 0.01m are given in Appendix [E] in Figures and Independent of the
plate thickness, the WBM applying the modified wave function selection leads to highly
accurate results for the three field variables over the complete frequency range. Since the
contour plots in Figure already show that the WBM models using the original wave
function selection lead to relatively high errors, the computation of the frequency response
functions is omitted.

In Figures f the convergency curves of different WBM models (solved with LU-
factorization) for the free plate with thickness h = 0.01 m and all frequencies are shown.
The WBM models applying the modified wave function selection converge to highly accu-
rate results (= 0.001% error) for all frequencies, while the original wave function selection
stagnates at an averaged relative error of approximately 7% for the first frequency (440 Hz),
30% for the second frequency (2580 Hz) and 75% for the third frequency (4970 Hz). Includ-
ing the second wave function sets (set1a2) leads to a minor improvement of the convergence
rate compared to WBM models, which only use the first wave function sets (set?). This
effect is more pronounced for lower frequencies and only appears for the modified wave
function selection.

If the modified wave function selection and the first wave function sets (set!) are used in
the WBM model, only 59 wave functions (440 Hz), 135 wave functions (2580 Hz) and 199
wave functions (4970 Hz) are required to reach an averaged relative error of 1%. Adding
the second wave function sets (setla2) reduces the required degrees of freedom to 52
(440Hz), 134 (2580 Hz) and 182 (4970 Hz).

Due to the bad conditioning of the system matrix and the violation of the Picard condi-
tions, the WBM models using the original wave function selection have a limited accuracy.
If the WBM models are built and solved with quadruple precision, the error decreases to
approximately 6% for the first frequency (440 Hz), 10% for the second frequency (2580 Hz)
and 40% for the third frequency (4970 Hz).

The convergence curves for the free plates with thickness A = 0.006m and A = 0.025m
are shown in Appendix [E]in Figures [E.43]-[E:48] As expected, the convergence rate of the
WBM models applying the modified wave function selection is hardly influenced by the
plate thickness, since the viewed frequencies are situated between the same eigenmodes
and therefore the plate deformations are very similar. On the contrary, the accuracy of
the solutions calculated with the original wave function selection strongly depends on the
plate thickness and the viewed frequency. While for the lowest frequency, the reached
accuracy is still acceptable, the errors at higher frequencies, especially for thicker plates,
become too high.
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Figure 6.25: Convergence curves of the out-of-plane displacement (free plate with h =
0.01m) for the original WBM (set! (—e—), setla2 (—)) and the modified
WBM (setl (——), setla2 (——))
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Figure 6.26: Convergence curves of the rotation about the z-axis (free plate with h =
0.01m) for the original WBM (set! (—e—), setla2 (—)) and the modified
WBM (setl (——), setla2 (——))
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Figure 6.27: Convergence curves of the rotation about the y-axis (free plate with h =
0.01m) for the original WBM (set! (—e—), setla2 (—)) and the modified
WBM (setl (——), setla2 (——))

A comparison of the computational efficiency between the WBM and the FEM for the
free plate with the thickness h = 0.01 is illustrated in Figure [6.28] Since the convergence
curves of the three field variables are very similar, only the results for the out-of-plane
displacement are shown. The WBM models use the modified wave function selection and
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Figure 6.28: Convergence curves of the out-of-plane displacement (free plate with h =
0.01) for the FEM (—e—) and the modified WBM (set! (——), setla2 (——))

the LU-factorization is applied to solve the system of linear equations. It is apparent
that the WBM outperforms the FEM for the given example and that the difference in
computational time increases with rising frequency. The computational time of the FEM to
reach an averaged relative error of 1% is 3.5 (440 Hz), 25 (2580 Hz) and 44 times (4970 Hz)
higher compared to the WBM. The WBM models including only the first function sets
(setl) and both function sets (setla2) perform nearly equally for the free plate vibration
examples.

Cantilever plate

In Figure[6.29] the boundary conditions and loading of the cantilever plate configurations
are illustrated. The edge, which coincides with the z-axis is clamped (zero displacement
and rotations), while the other edges can move freely (zero normal and twisting moments
and normal shear forces). The cantilever plates are harmonically excited by a constant
circular load with the amplitude g, = 10 N/m? and the radius ro = 0.05m. At the corner
points of the cantilever plate, stress singularities are not exhibit, since the critical angles

YA (1)_

cl C Co Tx

Figure 6.29: Boundary conditions and harmonic loading of the cantilever plates
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Figure 6.30: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.005m) excited by a constant circular load at 1780 Hz
calculated with the modified WBM using only the function set 1 and a trun-
cation factor 1" = 2

shown in Figures and (180° for the corner points c3 and ¢4 and 61.3° for ¢; and
c2) are not exceeded. Therefore, no special purpose functions are included in the following
WBM models and the particular solution functions given in Equations (5.85) and (5.86)
are used to represent the harmonic loading.
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In Figure the out-of-plane displacement and rotations about the z- and y-axis of
the cantilever plate with a thickness of h = 0.005m excited at 1780 Hz are illustrated. A
WBM model applying the modified wave function selection and including only the first
wave function sets is used to calculate the response of the plate. The system of linear
equations is solved with the LU-factorization and the truncation factor is set to T' = 2,
which leads to a total number of 207 wave functions. Due to the findings in the previous
two validation examples, WBM models using the original wave function selection are not
further considered in the following investigations.

The absolute error of the WBM shown in Figure [6.30] is rather low compared to the
amplitudes of the field variables and it is apparent that the clamped boundary condi-
tions are accurately fulfilled. To verify the accurate representation of the free boundary
conditions, the averaged boundary residuals defined in Equations f are
computed and compared to the averaged moment and shear force amplitudes. The av-
eraged boundary residuals avg(|Ry,|) = 5.93 x 107° N, avg(|Ry,.|) = 3.15 x 107°N
and avg(|Rg,|) = 0.0026 N/m are approximately two orders lower compared to the aver-
aged moments avg(|M,|) = 0.0018 N, avg(|M,|) = 0.0025N and avg(|M.,|) = 0.0010N
and shear forces avg(|Qz|) = 0.0972N/m and avg(|Qy|) = 0.1300N/m, and therefore,
all boundary conditions are accurately fulfilled by the WBM model. The WBM system
matrices show the same numerical properties as for the clamped and free plate examples.

In Appendix [E] the contour and error plots for all other plate thicknesses and frequencies
are shown in Figures [E-49-[E.56] In general, the absolute error is several orders of mag-
nitude lower compared to the amplitude of the field variables except for certain regions
close to the corner points. This effect can be explained by the Gibbs phenomenon, which
appears if only sine functions are used to approximate the boundary conditions and the
sudden change of the enforced boundary conditions at the corners ¢; and c¢o. The follow-
ing convergence results show that this issue can be resolved by adding the second wave
function sets.

The frequency response functions of the cantilever plate with a thickness of A = 0.025m
calculated with the WBM and FEM are compared in Figure [6.31]] The frequency is
increased from 50 Hz up to 16050 Hz in 2000 steps and therefore, approximately the first
100 bending modes are included in the response function. The modified wave function
selection and both wave function sets are used to build the WBM model and the resulting
system of linear equations is solved with the LU-factorization. The truncation factor is
set to T' = 2, which leads to 44 wave functions for the lowest frequency and 592 wave
function for the highest frequency. It is apparent from Figure that the results of the
WBM are in excellent agreement with the reference solutions for all three field variables.
The WBM is able to predict accurate results with a low number of degrees of freedom,
even close to the eigenfrequencies.

In Appendix [E] the frequency response functions for the cantilever plates with the thick-
nesses h = 0.005m and h = 0.01 m are shown in Figures[E.57|and[E.58] For each thickness,
the frequency is increased in 2000 steps and approximately the first 100 bending modes
are included in the frequency ranges. It is apparent from Figures [E.57] and [E-5§ that
the results of the WBM models and the reference solution coincide over the complete fre-
quency range. Therefore, the accuracy of the WBM applying the modified wave function
selection is not influenced by the plate thickness.
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Figure 6.31: Frequency response functions of a cantilever plate (h = 0.025m) excited by
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Figure 6.32: Convergence curves of the out-of-plane displacement (cantilever plate with
h = 0.01m) for the modified WBM solved with the LU (set! (——), setla2
(——)) and the SVD (set! (——), setla2 (—=—))
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Figure 6.33: Convergence curves of the rotation about the z-axis (cantilever plate with
h = 0.01m) for the modified WBM solved with the LU (set! (——), setla2

(——)) and the SVD (set! (——), setla2 (—=—))
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Figure 6.34: Convergence curves of the rotation about the y-axis (cantilever plate with
h = 0.01m) for the modified WBM solved with the LU (set! (——), setla2
(——)) and the SVD (set! (——), setla2 (—=—))

The convergence curves for the cantilever plate with the thickness A = 0.01 m calculated
with different WBM models are illustrated in Figures[6.32]-[6.34] Only the modified wave
function selection is considered and the WBM models using either the first wave function
sets (setl) or both wave function sets (setZa2) are solved with the LU-factorization or the
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6 Extension of the Wave Based Method to thick plate vibrations

singular value decomposition (SVD). Even though the WBM models using the first func-
tion sets converge to accurate results, including the second wave function sets considerably
improves the convergence rate, especially for the lowest frequency. While this effect cannot
be seen for the clamped and free plate configurations, the accurate representation of the
sudden change of the boundary conditions at the corners ¢; and co in the cantilever plate
requires a high number of wave functions if only the first wave function sets are included.
If both wave function sets are used, the WBM nearly uniformly converges to an averaged
relative error of less than 0.001% independent of the frequency and a total number of 97
(840 Hz), 166 (3500 Hz) and 223 (6120 Hz) wave functions is required to reach an averaged
relative error of 1%.

The convergence rate of the WBM is hardly influenced by the direct solver used to calculate
the wave contribution factors, which is apparent from Figures [6.32]-[6.34] Although, the
final results are very similar, the computed contribution factors are rather different between
the LU-factorization and the SVD. The SVD seems more stable for high numbers of degrees
of freedom and gives slightly more accurate results for large WBM models. However, the
SVD is computationally more demanding compared to the LU-factorization and therefore,
the LU-factorization is recommended to solve the system of linear equations if the WBM
model is not too large.

In Appendix [E] the convergence curves for the cantilever plates with the thickness h =
0.005m and h = 0.025m are shown in Figures [E.59-[E.64] The plate thickness has hardly
any influence on the convergence properties of the WBM models, since the plate deforma-
tions at the chosen frequencies are very similar among the different plate thicknesses.

To assess the computation efficiency of the WBM compared to the FEM, their convergence
curves for the out-of-plane displacement of the cantilever plate with a thickness of h =
0.01m are given in Figure [6.35] The computation time required by the WBM using
the modified wave function selection and both wave function sets to reach an averaged
relative error of 1% is approximately 5 (840Hz), 15 (3500 Hz) and 70 (6120 Hz) times
lower compared to the FEM, which shows the advanced computational properties of the
WBM. The findings for the other plate thicknesses and field variables are very similar and
therefore not presented here.
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Figure 6.35: Convergence curves of the out-of-plane displacement (cantilever plate with
h = 0.01) for the FEM (——) and the modified WBM (set! (—=—), setla2

(=)
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6.4 Validation examples

Hard simply-supported plate

In the last single domain example, the hard simply-supported plate shown in Figure[6.36|is
analyzed. All four edges are hard simply-supported and the plate is harmonically excited
by a point load having an amplitude of g, = 10N. If both edges at a corner point are
hard simply-supported, moment stress singularities arise for internal angles greater than
90°, while shear force singularities are exhibited for angles greater than 180°. Therefore,
moment singularities occur at the corner points ¢z (o = 134.5°) and ¢4 (o = 108.4°).
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Figure 6.36: Boundary conditions and harmonic loading of the hard SS plates

While in the previous validation examples only the first wave function sets (set!) or both
sets (setla2) are used to build the WBM models, additional models including special
purpose functions (set!CF, set1a2CF), which represent the corner stress singularities in
the corners c3 and ¢4, are analyzed in the following. From Figure [6.2d it is apparent that
only one symmetric eigenvalue leads to moment singularities in the corners cs and cy.
Therefore, three special purpose functions are included for each of the two corners, which
are listed in Table The particular solution functions given in Equations and
are used to represent the harmonic point loading.

Table 6.8: Special purpose functions for the hard simply-supported plate examples

corner o corner functions eigenvalue

Tj\(jjil = cos(Aiy1 Pes) Ias, (Fr17es)
cs | 13457 | 1) = cos(Nipy @es) Iag, (krares) | N = 1.338

T]\(fz)l = —sin(Ay @es) Tas (ks Tey)

M1

T, = cos(Nigt Pes) Ing, (g 7e,)
4 108.4° TI\(JC:il = cos(Ai1 Peq) Ias, (Frare,) 8,1 = 1.660

T]\(j;)l = — Sin()‘?\/ll 9004) J,\;“(ks 7’64)
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6 Extension of the Wave Based Method to thick plate vibrations
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Figure 6.37: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.005m) excited by a point load at 2300 Hz
calculated with the modified WBM using the function set 1, corner functions
and a truncation factor 1" = 2

The contour and error plots of the hard simply-supported plate with a thickness h =
0.005 m excited at 2300 Hz are shown in Figure A WBM model applying the modified
wave function selection and including the first wave function sets and the special purpose
functions given in Table [6.§]is used to calculate the results in Figure[6.37] The truncation
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6.4 Validation examples

factor is set to T' = 2, which results in 232 degrees of freedom, and the system of linear
equations is solved with the LU-factorization. It is apparent from Figure that the
out-of-plane displacement boundary conditions are well fulfilled for all four edges. Since the
representation of the other two boundary conditions cannot be assessed by Figure the
averaged boundary residuals avg(|Ry, |) = 3.3 x 107 ?rad and avg(|Rps,|) = 8.4 x 1074N
are compared with the averaged rotations avg(|y,|) = 4.9 x 107%rad and avg(|¢,|) =
3.7 x 107%rad and averaged moments avg(|M,|) = 0.365N, avg(|M,|) = 0.496N and
avg(|Mzy|) = 0.1563 N. Both residuals are at least two orders of magnitude lower compared
to the averaged values of the rotations and moments and therefore all boundary conditions
are accurately represented by the WBM model. As a result, the absolute errors of the
predicted field variables are several orders of magnitude lower compared to the amplitudes
of the field variables, which shows the high accuracy of the WBM.

In Figure the singular values o; and the coefficients |3;| of the WBM system matrix
used to calculate the results in Figure [6.37| are illustrated. Additionally, the values for the
same WBM model without special purpose functions are plotted to show the influence of
the corner functions on the properties of the WBM system matrix. From Figure [6.38]it is
evident that both Picard conditions are fulfilled by the WBM models and including the
special purpose functions hardly influences the numerical properties and conditioning of
the system matrix (cond(A) = 1.91 x 109 (set7) and cond(A) = 1.21 x 10! (set1CF)).
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Figure 6.38: Picard conditions for the modified wave function selection with and without
corner functions (hard simply-supported plate)

The contour and error plots for all other frequencies and plate thicknesses are given in
Appendix [E] in Figures [E.65]-[E.72] Independent of the plate thickness or frequency, the
WBM models using the modified wave function selection and the special purpose functions
lead to accurate results for all three field variables. The properties and performance of the
original wave function selection is not investigated for the hard simply-supported plate
configurations.
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Figure 6.39: Frequency response functions of a hard simply-supported plate (h = 0.025 m)
excited by a point load calculated with the FEM (reference mesh) and the
modified WBM (function set 1 and set 2, corner functions, 7' = 2)
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6.4 Validation examples

The frequency response functions of the hard simply-supported plate with a thickness
h = 0.025m calculated with the WBM and the FEM are compared in Figure Start-
ing from 50 Hz, the frequency is increased to 20050 Hz in 2000 steps and therefore, ap-
proximately the first 100 bending modes are covered in the response function. The WBM
model uses the modified wave function selection and both wave function sets and the cor-
ner functions given in Table are included. The truncation factor is set to T' = 2, which
leads to 50 degrees of freedom for the lowest frequency and 684 for the highest frequency
and the LU-factorization is used to solve the system of linear equations. It is apparent
from Figure [6.39 that the results of the WBM model are in excellent agreement with
the reference solution over the whole frequency range. The results for the hard simply-
supported plates with thickness A = 0.005m and A = 0.01 m illustrated in Appendix [E]in
Figures and [E.74] show a similar accuracy of the WBM.

To analyze the effect of the special purpose functions on the convergence rate of the
WBM, models with and without corner functions are built and the convergence curves
for the hard simply-supported plate with a thickness h = 0.01 m are plotted in Figures
[6.401-[6.42] All WBM models use the modified wave function selection and either only
the first wave function sets (setl), both wave function sets (setfa2) or additionally the
corner functions in Table (set1CF, set1a2CF') are included. The convergence curves
for the lowest frequency (1300 Hz) in Figures [6.40a} [6.41a] and [6.42a] show that all WBM
models converge to accurate results, but the WBM models including the special purpose
functions have an advanced convergence rate compared to the models without corner
functions. While the WBM model including corner functions requires 80 wave functions to
reach an averaged relative error of 1%, the model without corner functions needs 250 wave
functions. Including the second wave function sets leads to a slightly reduced convergence
of the WBM for this thickness and frequency.

The effect of the moment singularities on the convergence rate of the WBM is less pro-
nounced for the second frequency (4600 Hz), see Figures [6.40Db}, [6.41b| and [6.42b| If only
the first wave function sets are included in the WBM models, a model with 150 degrees
of freedom leads to an averaged relative error of 1%, while a model with corner functions
only needs 130. Hence, the corner functions only slightly increase the convergence rate for
this thickness and frequency. Furthermore, including both wave function sets results in a
lower convergence rate for models without corner functions, whereas it hardly effects the
convergence for models with corner functions.

For the highest frequency (7310 Hz), the effect of the corner functions on the convergence
rate is very similar to the lowest frequency. In contrary to all previous examples, the WBM
using the modified wave function selection starts to stagnate at an averaged relative error
of approximately 0.1% and including more than approximately 230 wave functions does
not further increase the accuracy. This indicates that the reference solutions calculated
with the FEM is not accurate enough. Since a FEM model with even more degrees of
freedom is not feasible with the available hardware, the averaged boundary residuals of
the WBM models are compared to analyze the accuracy of the WBM. While the WBM
model having 230 degrees of freedom leads to the averaged boundary residuals avg(| Ry |) =
2.44 x 1071 m, avg(| Ry, |) = 2.19 x 10~ rad and avg(|Ra,|) = 5.8 x 1073 N, the model
with 1095 degrees of freedom has the averaged boundary residuals avg(|R,|) = 2.44 X
1071 m, avg(|Ry,|) = 2.06 x 10" rad and avg(|Ras,|) = 1.41 x 107*N. The averaged
boundary residuals of the WBM model with 1095 degrees of freedom are several orders
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Figure 6.40: Convergence curves of the out-of-plane displacement (hard SS plate with h =
0.01m) for the modified WBM (set! (——), setla2 (——), set1CF (——),
set1a2CF (—=—))
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Figure 6.41: Convergence curves of the rotation about the z-axis (hard SS plate with
h = 0.01m) for the modified WBM (set! (——), setla2 (——), set1CF (——),

set1a2CF (—=—))
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Figure 6.42: Convergence curves of the rotation about the y-axis (hard SS plate with
h = 0.01m) for the modified WBM (set! (——), setla2 (——), setl1CF (——),
set1a2CF (—=—))

lower compared to the model with 230 degrees of freedom and therefore, the bigger model
should be far more accurate since in the WBM only the boundary conditions have to be
fulfilled as accurate as possible and no additional errors are introduced inside the problem
domain. This proves that the accuracy of the FEM reference model is not high enough,
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6.4 Validation examples

which leads to the constant error of the WBM models at the end of Figures
and [6.42¢]

The results for the hard simply-supported plates with thickness A = 0.005m and h =
0.025m are shown in Appendix [E] in Figures [E.75]-[E.80] The convergence properties
of the WBM models including corner functions are independent of the plate thickness,
while the stability of the models without corner functions are thickness and frequency
dependent, due to the moment singularities in the corner points.

In Figure[6.43] the convergence rate of the WBM models is compared to the FEM for the
hard simply-supported plate with the thickness A = 0.01 m. Since the convergence rate
for all three field variables is rather similar, only the averaged relative error of the out-
of-plane displacement is plotted. Although, the evaluation of the integrals involving the
special purpose functions given in Table [6.8]is computationally demanding, the numerical
efficiency of the WBM models including the corner functions is the highest. Even the
WBM models without corner functions outperform the FEM for the given example. The
computational time required by the FEM to reach an averaged relative error of 1% is
approximately 6 (1300 Hz), 27 (4600 Hz) and 79 (7310 Hz) times higher compared to the
WBM including corner functions. Therefore, corner stress singularities do not alter the
computational efficiency of the WBM if special purpose functions are included in the
model.
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Figure 6.43: Convergence curves of the out-of-plane displacement (hard SS plate with h =
0.01) for the FEM (—e—) and the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))

6.4.2 Multi domain problem

In this section, the computational properties of the WBM for non-convex plate domains
are analyzed. In case of non-convex plate domains, a decomposition into convex sub-
domains is necessary and interface conditions have to be fulfilled. The polygonal steel
plate, shown in Figure [6.44] has the dimensions L, = 1.4m and L, = 1.2m and the
material parameters £ = 2.1 x 10" N/m?, p = 7850kg/m?, v = 0.3 and n = 0. The
plate is decomposed into two convex sub-domains Q1) and Q) with the boundaries Fgl),

Fgl), Fg), FgZ), ng) and F§2) and the common interface I'%2), which is given by a straight
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Figure 6.44: Geometry and loading of the multi domain clamped plate

line between the corner points co and c5. Three different plate thicknesses are considered,
see Table and the shear correction factor ky (Wittrick) is used in the Mindlin plate
theory. The ratio of the smallest lateral dimension to the plate thickness, the frequency of
the lowest, simple thickness-shear mode and the frequency limits for the Kirchhoff plate
theory are listed in Table [6.9] All three plate configurations are generally considered as
thin plates and therefore, the applicability of the Kirchhoff plate theory is only limited by
the excitation frequency.

Table 6.9: Thicknesses of the multi domain clamped plates and Kirchhoff limits

example | h[m] | Ly/h | fs[Hz] | forio [Hzl | farey [Hel
hy 0.005 | 240 | 320766 2791 5613
ho 0.010 | 120 | 160383 1395 2807
hs 0.025 48 64153 558 1123

All six boundaries of the plate are clamped (zero out-of-plane displacement and zero
rotations about the z- and y-axis) and a constant circular load, which is located in the sub-
domain QM) and has an amplitude of 7o = 10N/m? and a radius ry = 0.07 m, harmonically
excites the plate. The smallest rectangular bounding boxes of the two sub-domains used
to define the travelling wave functions in the WBM have the dimensions L&l) = 0.85m,
L?(Jl) = 0.5m, L =1.006m and Lg(f) = 0.67m and are indicated by the dashed lines in
Figure
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Table 6.10: Modal analysis of the multi domain clamped plates

> 10 modes > 40 modes > 70 modes 100 modes
fHz] | X[m] | f[Hz] | A[m] | f[Hz] | A[m] | f[Hz] | A[m]
h1 350 0.3746 | 1043 | 0.2167 | 1650 | 0.1721 | 2255 | 0.1471

ha | 680 | 0.3794 | 2060 | 0.2169 | 3240 | 0.1722 | 4394 | 0.1473
hs | 1650 | 0.3804 | 4740 | 0.2186 | 7200 | 0.1738 | 9493 | 0.1486

To assess the relevant frequency ranges for the three plate configurations, a modal analy-
sis of the plates with a FEM model having at least 147 quadric elements per wavelength
(maximum element size 0.001 m) is performed to calculate the first 100 bending eigenfre-
quencies. Similar to the single domain problems, three different frequencies are examined,
which are located after the the 10®"-bending mode, the 40*"-bending mode and the 70t"-
bending mode. In Table these frequencies are listed and the corresponding bending
wavelengths A are shown. A comparison of the frequencies given in Table [6.10] and the
Kirchhoff frequency limits stated in Table[6.9]shows that the Kirchhoff plate theory is only
applicable over the complete frequency range for the thinnest plate with the thickness h;.

Since no analytical solutions for the given plate bending problems exist, highly accurate
FEM models are used to calculate the reference solutions for the error plots, convergence
curves and frequency response functions. In Table the details of two different FEM
models are listed. The FEM model for the convergence and error plots uses at least 290
quadric elements per wavelength, which ensures highly accurate results, since according to
the rule in Equation only 9 quadric elements would be sufficient. The same model
is used for all three thicknesses and examined frequencies. Due to the high computational
load, the reference solutions for the frequency response functions are calculated with a
smaller FEM model with only 28 quadric elements per wavelength (three times more than

required according to Equation (3.15)).

Table 6.11: FEM reference models for the convergence analysis and the FRF
max(el. size) [m] | # nodes | #elements | min(#el./\)

conv. 0.0006 7621372 2538165 290

FRF 0.0050 110855 36676 28

If the boundaries of a plate are clamped, stress singularities in the vicinity of a corner arise
for internal corner angles o greater than 180°, see Figure Therefore, moment and
shear force singularities can be expected in the corner ¢y (o = 240.3°). To ensure accurate
reference solutions, the FEM meshes of the models listed in Table [6.11] are locally refined
close to the corner point co to capture the stress singularities.

The convergence curves of the FEM are constructed by decreasing the mesh size of the
FEM model from 0.2m (at least ~ 1 elements per wavelength) to 0.002m (at least ~ 86
elements per wavelength) in 11 steps.
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6 Extension of the Wave Based Method to thick plate vibrations

To analyze the computational properties of the WBM and the influence of the different
function sets, several different WBM models are applied to predict the plate responses.
Due to the findings in the single domain problems, only the modified wave function selec-
tion is considered. The WBM models either include only the first wave function sets (set1)
or both function sets (setla2) and since corner singularities are exhibit in the problem
domain, additional models with special purpose functions (set!CF, set1a2CF) are built.
The truncation factor is varied from 7" = 0.5 to T' = 8 in steps of 0.5 and the particular
solution functions given in Equations (5.85)) and (5.86]) are used to represent the constant
circular loading.

In lack of analytical solutions for the dynamic plate bending problem of an infinite wedge
with clamped boundary conditions, the eigenvalues from the static problem are used to
define the special purpose functions. The static eigenvalues, which exhibit moment or
shear force singularities in the corner point co, are calculated through the characteristic
equations given in Table Moment singularities result from the symmetric eigenvalue
S\j/[ = 0.834 and the antisymmetric eigenvalue /_\‘}V[ = 0.680, while shear force singularities
arise from the symmetric eigenvalue E\SQ = (0.749. Using the relations between the static
and dynamic eigenvalues stated in Section leads to the special purpose functions
shown in Table In total, 8 independent special purpose functions are included,
since the corner functions for the shear force singularity are related in pairs through their
weighting factors.

To predict the errors and averaged values of the field variables, a regular grid of approxi-
mately 10000 response points inside each WBM sub-domain is used. Only response points
having an amplitude of the field variable greater than 5% of the maximum value are
considered in the relative error prediction to avoid misleading results due to high relative
errors close to nodal lines (zero values of the field variables).

Table 6.12: Special purpose functions for the multi domain clamped plate examples

corner o} corner functions eigenvalue
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Tar 1 = co8(Nig1 ey) Ias, (k2 7ey) 8, = 1.834
TA(/[C;)l = —sin(Ay @ey) Iag, (s 7ey)
N2y = sin(Alps 0ey) Iag (kpi o)
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6.4 Validation examples
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Figure 6.45: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.005m) excited by a constant circular load at
1043 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T' =4
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6 Extension of the Wave Based Method to thick plate vibrations

The contour plots of the field variables and the error plots compared to the reference
solution for the plate with the thickness h = 0.005 m excited at 1043 Hz are illustrated in
Figure A WBM model using both function sets and the special purpose functions
stated in Table is applied to calculate the results in Figure [6.45 The truncation
factor is set to T' = 4, which leads to a total number of 1270 wave functions, and the
system of linear equations is solved with the LU-factorization. It is apparent from Figure
[6.45] that the clamped boundary conditions as well as the interface conditions between
the sub-domains are well fulfilled. Since in the WBM errors are only introduced through
non-zero boundary and interface residuals, the absolute errors within the problem domain
are approximately two orders of magnitude lower compared to the amplitudes of the field
variables, which shows the high accuracy of the modified WBM also for non-convex plate
domains.

The contour and error plots for all other plate thicknesses and frequencies are shown in
Appendix [E] in Figures [E.8T]-[E:88] The characteristics of the results for the frequencies
f2 and f3 are very similar to the results in Figure [6.45] and no dependency on the plate
thickness is observed. For the frequency fi, the absolute error in the sub-domain Q(?) is
an order of magnitude higher compared to sub-domain Q) for the thicknesses A = 0.01 m
and h = 0.025m (but still low), which is not the case for the plate with thickness h =
0.005 m. This higher inaccuracy might result from the different sub-domain shapes, since a
rectangular sub-domain (or close to rectangular) is beneficial for the accuracy and stability
of the WBM. Additionally, the response of the sub-domain Q) is mainly influenced by
the constant circular load, while the sub-domain Q) is only excited through the interface
(1) Therefore, small errors at the interface conditions might lead to high errors within
the sub-domain Q®. Further investigations are necessary to clarify the actual source of
this increased error in the sub-domain Q(2),

The frequency response functions of the multi domain clamped plate with the thickness h =
0.025 m calculated with the FEM and the WBM are shown in Figure The frequency
starts at 50 Hz and is increased to 9050 Hz in 2000 steps and therefore, approximately
the first 100 bending modes are included in the response. A WBM model using both
function sets and the special purpose functions stated in Table [6.12] is applied to predict
the averaged amplitudes of the field variables. The truncation factor is set to T = 4,
which leads to 174 wave functions for the lowest and 1782 wave functions for the highest
frequency and the SVD is used to solve the system of linear equations. The results of
the WBM are in excellent agrement with the reference solution over the whole frequency
range, even close to the eigenfrequencies. This clearly shows the applicability of modified
WBM in the low- and mid-frequency range for non-convex plates having moment and
shear force singularities.

In Appendix [E] the frequency response functions for the multi domain clamped plate with
the thicknesses h = 0.005m and h = 0.01m are shown in Figures and The
frequency is increased in 2000 steps to include approximately the first 100 bending modes
in the viewed frequency range. Also for these two thicknesses, the results predicted by the
WBM models are in excellent agreement with the reference solutions over the complete
frequency range and close to the eigenfrequencies. The overall accuracy of the modified
WBM is therefore hardly influenced by the plate thickness or excitation frequency, even
though local differences of the accuracy are observed.
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Figure 6.46: Frequency response functions of a multi domain clamped plate (A = 0.025m)
excited by a constant circular load calculated with the FEM (reference mesh)
and the modified WBM (function set 1 and set 2, corner functions, T' = 4)
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6 Extension of the Wave Based Method to thick plate vibrations
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Figure 6.47: Convergence curves of the out-of-plane displacement (multi domain clamped
plate with A~ = 0.01m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))
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Figure 6.48: Convergence curves of the rotation about the z-axis (multi domain clamped
plate with A~ = 0.01m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))
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Figure 6.49: Convergence curves of the rotation about the y-axis (multi domain clamped
plate with A = 0.01m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))

A comparison of the convergence rates of different WBM models for the multi domain
clamped plate with the thickness h = 0.01m is illustrated in Figures [6.47-[6.49] The
WBM models either use only the first function sets (set!), both function sets (setla?2)
or additionally include the special purpose functions (set1CF, set1a2CF) listed in Table
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6.4 Validation examples

6.12 The systems of linear equations are solved with the SVD to increase the stability
of the computations, although the computational load is higher compared to the LU-
factorization. It needs to be noted that both direct solution techniques finally have a
comparable accuracy, but the convergence curves of the WBM results calculated with the
LU-factorization are less smooth.

Although the WBM is able to reach an averaged relative error of less than 1% for all
frequencies, the convergence curves are not perfectly uniform especially for the lowest
frequency. Furthermore, it is apparent that including the special purpose functions only
slightly increases the convergence of the WBM for the given examples and that using

both function sets is more efficient compared to applying only the first function sets.

ng;l, 7&331, Tgfl)l) increase very

fast with the distance to the corner point c, since the wavenumbers kyo and ks are
imaginary numbers. Therefore, the functions are very localized at the points with the
highest distances, while the function values are close to zero everywhere else in the plate
domain. This property has a negative effect on the conditioning of the system matrix and
additionally the numerical integration of these functions is strongly influenced by round
of errors, which might explain the minor influence of the special purpose functions on
the convergence rate for this example. Compared to the simply-supported plate example,
the special purpose functions do not fulfill the clamped boundary conditions along the
adjacent edges of the corner point co, which might also reduce their beneficial effect on
the convergence rate.

The amplitudes of the shear force corner functions (

The WBM model including both function sets and the special purpose functions requires
approximately 715 (680 Hz), 890 (2060 Hz) and 750 (3240 Hz) wave functions to reach an
averaged relative error of less than 1%. In contrary to the previous examples, the required
number of wave functions is not steadily increasing with the excitation frequency, but
remains nearly at the same level. This also indicates that the corner stress singularities
still have a major influence on the convergence rate even though special purpose functions,
which represent the singular behaviour, are included in the model.

The convergence curves for the multi domain clamped plates with the thicknesses h =
0.005m and h = 0.025m are plotted in Appendix [E] in Figures [E.91]-[E.96] The findings
for these thicknesses are nearly equivalent to the plate with the thickness h = 0.01 m, with
the exception that the WBM converges more uniformly for the thinnest plate excited at
frequency f1. This different behaviour has already been observed in the contour and error
plots.

In Figures [6.50-[6.52] the computational efficiency of the WBM is compared to the FEM.
Only the convergence curves for the out-of-plane displacement are plotted, since the con-
vergence properties for the rotations about the x- and y-axis are very similar. It is apparent
that the WBM generally outperforms or is at least as efficient as the FEM for all frequen-
cies and thicknesses. The computational time of the FEM to reach an averaged relative
error of 1% is approximately 1 to 5 time(s) (frequency fi), 8 to 15 times (frequency f2)
and 10 to 13 times (frequency f3) higher compared to the WBM model including both
function sets and special purpose functions. The decrease of the computational time is
not as pronounced as for the previous examples, which results from the required decom-
position of the problem domain into two sub-domains and the difficulties of representing
the corner stress singularities even though special purpose functions are available.
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6 Extension of the Wave Based Method to thick plate vibrations
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Figure 6.50: Convergence curves of the out-of-plane displacement (multi domain clamped
plate with A = 0.005) for the FEM (—e—) and the modified WBM (set1CF
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Figure 6.51: Convergence curves of the out-of-plane displacement (multi domain clamped
plate with A = 0.01) for the FEM (——) and the modified WBM (set1CF
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Figure 6.52: Convergence curves of the out-of-plane displacement (multi domain clamped
plate with A = 0.025) for the FEM (—e—) and the modified WBM (set1CF
(——), setl1a2CF (—=—))

190



Part |11

Conclusion and final remarks

191






7 Conclusion

This dissertation focuses on the prediction of steady-state harmonic vibrations of plates,
especially on the extension and improvement of an efficient numerical method called Wave
Based Method (WBM). During the past 15 years, great advances have been made in the
development of the WBM, which is a deterministic method based on the Trefftz-principle.
The method has been extended to a wide range of problems and the performance, stability
and applicability of the WBM have been continuously improved. While the WBM is very
well developed for the vibrations of thin plates governed by the Kirchhoff plate theory, the
prediction of the vibrations of thick plates is not yet feasible. Furthermore, the definition
of a thin and thick plate and therefore the validity ranges of the commonly used plate
theories, is not consistent in the literature, which leads to difficulties in the choice of the
most appropriate plate theory for a specific problem. To resolve these issues, the following
two objectives are formulated:

e The first objective is the definition of the validity ranges of the most common plate
theories, the Kirchhoff and Mindlin plate theory, for plate vibration problems de-
pending on the required accuracy.

e The second objective is the extension of the WBM to structural vibrations of thick
plates governed by the Mindlin plate theory.

Additional objectives of the dissertation concern the improvement of the WBM and are
related to the implementation of the WBM:

e The third objective is the development of particular solution functions, which are
analytical solutions of the partial differential equations arising in the plate theories
under certain external loadings. These functions are mandatory for the application
of the WBM.

e The fourth objective refers to the improvement of the numerical properties of the
WBM system matrix and the increase of the stability and accuracy of the method.

The main achievements of this dissertation and the applied approaches to fulfill the stated
objectives are summarized in the following sections.

7.1 Validity ranges of the Kirchhoff and Mindlin plate

An extensive literature survey on the validity ranges of the Kirchhoff and Mindlin plate
theory shows that two different limits, a geometrical limit and a frequency limit, have to
be considered in the application of the plate theories. The geometrical limit is generally
defined through a ratio of the plate thickness to the smallest lateral dimension of the plate
domain and leads to the categorization into thin and thick plates. The frequency limit
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7 Conclusion

is given by the ratio of the bending wavelength to the plate thickness. Both limits are
not consistently defined in the literature and generally the basis for the definitions is not
clearly stated.

A common approach to define the frequency limits of the plate theories is the inves-
tigation of free vibrations in an infinite plate domain, since analytical solutions of the
three-dimensional elasticity model are available. A review of the solutions is carried out
and the results for the first bending dominant flexural vibrations of the Kirchhoff and
Mindlin plate theory are compared to the solutions given by the three-dimensional elas-
ticity theory. The frequency limits of the two plate models leading to an error of 1%,
2%, 5% and 10% are defined and two different shear correction factors for the Mindlin
plate theory are examined, which enables the choice of the most appropriate plate theory
depending on the required accuracy. While the limits stated in the literature allow for an
error between approximately 1% and more than 10% for the Kirchhoff plate theory, the
limits for the Mindlin plate theory lead to an error of approximately 0% —2%.

In real-life applications, plates have finite dimensions and certain boundary conditions are
applied at their edges. To investigate the influence of the boundaries, the free vibration
characteristics of simple plate geometries are analyzed, since analytical solutions for these
geometries are generally available in the literature for the Kirchhoff and Mindlin plate
theory. In lack of analytical solutions for the three-dimensional elasticity theory, FEM
models are used to calculate the reference solutions. A comparison of the results shows
that the influence of the boundaries on the accuracy of the plate theories strongly depends
on the applied boundary condition and the mode number. The ratio of the smallest lateral
dimension to the plate thickness (geometrical limit) has to be greater than 30 (1% error)
or 20 (5% error) for the Kirchhoff plate theory. This limit also draws the line between a
thin and a (moderately) thick plate, at least in the context of vibration problems. The
Mindlin plate theory predicts highly accurate results for plates with a ratio of the smallest
lateral dimension to the plate thickness greater than ten. However, even thicker plates are
not examined in this work and therefore, the Mindlin plate theory might be applicable
also for plates with higher thicknesses.

The stated limits enable a proper choice of the structural model (Kirchhoff, Mindlin, three-
dimensional elasticity) for plate vibration problems depending on the required accuracy.
However, special effects, like stress singularities in corners, have to be taken into account
prior to the selection of the model, since additional errors can be introduced through these
effects.

7.2 Development of the WBM for thick plate vibrations

The extension of the WBM to thick plate vibrations is the main objective of this dis-
sertation. The general framework of the WBM is applied to the governing equations of
the Mindlin plate theory. The first step is the decomposition of the coupled system of
partial differential equations resulting from the Mindlin plate theory into three uncoupled
Helmholtz equations, which is achieved through three potential functions.
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7.3 New particular solution functions for plate vibrations

Since the WBM is an indirect Trefftz method, a T-complete set of basis functions is
required, which is formulated in a Cartesian coordinate system. In the WBM, the ba-
sis functions are traveling and evanescent waves, depending on the chosen wavenumbers,
which are defined in the smallest rectangular bounding box circumscribing the plate do-
main. The T-completeness of the chosen basis function sets is proven through a rectangular
plate domain with arbitrary boundary conditions. Two different basis function sets are
defined, which are both T-complete for convex domains.

In the Mindlin plate theory, stress singularities can arise in the vicinity of a corner if
certain internal angles are exceeded. These stress singularities can have a major influence
on the convergence rate of the WBM. Therefore, the literature on corner stress singularities
arising in Mindlin plates is reviewed and a static and dynamic analysis of an infinite wedge
plate domain is carried out to get the critical angles and the order of the singularity for
various types of boundary conditions. This allows for the identification of corner stress
singularities in a specific plate domain and so-called special purpose functions are defined,
which accurately represent the singular behaviour near the corner point.

The system of linear equations in the WBM results from a fitting of the boundary and
interface conditions, since the governing equations in the problem domain are exactly
fulfilled. A weighted residual formulation is used in the WBM to fit the boundary and
interface conditions in an integral sense. To get a proper weighted residual formulation
for the Mindlin plate problem, the sub-region three-field generalized mixed variational
principle for thick plates is extended from the static to the dynamic case.

To verify the capability of the WBM to tackle thick plate vibration problems, several
validation examples are considered. In lack of analytical solutions, highly accurate FEM
models are used to calculate the reference solutions. Even though, the WBM should theo-
retically converge to the exact solution, it is shown that the accuracy of the original WBM
is limited through the bad conditioning of the system matrix and numerical inaccuracies.
A great improvement of the accuracy and stability is achieved by a modified wave function
selection, which is summarized in Section

7.3 New particular solution functions for plate vibrations

In general, the application of the Trefftz principle requires a transformation of inhomoge-
neous partial differential equations to homogeneous ones, since the applied basis functions
only satisfy the homogenous partial differential equations. If particular solution functions,
which satisfy the inhomogeneous partial differential equations, while neglecting the bound-
ary conditions, are available, the transformation can be performed in a straightforward
and efficient way.

In the WBM such particular solution functions are required, but for plate bending vibra-
tions only solutions for point load excitations are available in the literature. To extend
the applicability of the WBM, new particular solution functions are developed and the
solutions for the point load are reexamined.

The Hankel transform and the residue theorem are applied to solve the problem of an
infinite plate (Mindlin plate theory) exited by a point load. The amplitude of the final
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result is identical with the solution stated in the literature, but complex conjugated. To
prove the correctness of the presented results, the solutions for the Kirchhoff plate theory
are obtained as a special case of the Mindlin plate theory and compared to the solutions
in the literature.

Two different approaches, the analytical integration of the point force solution and the
Hankel transform, are used to derive closed-form particular solution functions for axisym-
metric load cases. The harmonic response of an infinite plate domain to a constant ring
load and to a constant circular load are presented. Additionally, the results for an alter-
nating circular load, which are derived through an analytical integration of the point force
solution, are shown.

Due to the development of these new particular solution functions, an efficient application
of the WBM for the stated load cases is enabled. All presented loadings are considered
in the validation examples and excellent results are obtained, which proves the correct
derivation of the particular solution functions.

7.4 Improvement of the WBM - A new wave function selection

The convergence rate of the WBM and the conditioning of the WBM system matrix are
optimal for a rectangular problem domain. As soon as minimal changes are made to
the plate geometry, the conditioning of the linear system gets worse and the convergence
rate is reduced. Therefore, an alternative wave function selection is proposed to mitigate
this effect. While in the original WBM, all basis functions are defined in the smallest
rectangular bounding box circumscribing the plate domain, the new selection distinguishes
between traveling and evanescent waves.

The traveling waves are still defined in a domain coordinate system, which is given by
the smallest rectangular bounding box, while a boundary coordinate system is applied
to specify the evanescent wave functions. The goal of this approach is the alignment of
the evanescent waves with the boundary lines, which is the situation for the original wave
function selection and a rectangular domain. The new wave function selection becomes
identical to the original one for a rectangular domain.

The validation examples clearly show the advanced properties of the modified wave func-
tion selection compared to the original one. The conditioning of the WBM system matrix
is significantly improved and the WBM models using the modified wave function selec-
tion reach highly accuracy results. A reduction of the convergence rate through moment
singularities is avoided by introducing special purpose functions, which represent the sin-
gular behaviour in the vicinity of corner points. This positive effect of the special purpose
functions is less pronounced for shear force singularities, since the developed functions are
very localized, which introduces numerical problems.

A comparison of the computational time between the modified WBM and the classical
FEM shows the high computation efficiency of the WBM. The WBM outperforms the
FEM for all validation examples. Therefore, the WBM is able to predict the vibrations of
thick plates in the mid-frequency range with high accuracy and reasonable computational
load.
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8 Future research topics

Although, the WBM is already well developed for certain problems, their is still room for
further improvements and extensions, which did not fit into the scope of this dissertation.
The following future research topics are proposed to further develop the WBM:

The new wave function selection is also applicable for other physical problems tackled
by the WBM. The effects on the convergence rate and stability of the WBM for these
problems should be investigated.

A formal mathematical prove of the T-completeness of the proposed wave function
selection is essential to ensure at least the theoretical convergence of the WBM for
any type of problem. Since this is a major task, it did not fit into the time frame of
this work.

The alignment of the evanescent wave functions with the boundary is only possible
for straight edges. In case of curved boundaries, different approaches have to be de-
veloped to allow for a general application of the modified WBM. A possible solution
might be a close-fitting polygonal frame.

Additional closed-form particular solution functions would improve the applicability
of the WBM. Especially a constant rectangular load is of major interest, since a
piecewise constant interpolation of arbitrary loads would be possible.

The definition of alternative special purpose functions for shear force singularities,
which are not exponentially growing and therefore introduce numerical problems,
might increase the convergence rate of the WBM for thick plate vibrations.

General improvements of the WBM, like the hybrid FE-WBM and the multi level
WBM, have to be extended to thick plate vibration problems, to remove the geo-
metrical limitations of the WBM.
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A The sub-region three-field generalized
mixed variational principle for
elastodynamics

The sub-region three-field generalized mixed variational principle is proposed in [26] to de-
rive all basic equations of elastostatic problems through a functional stationary condition.
To extend the proposed method to the elastodynamic problem, either the d’Alembert’s
principle can be applied by including inertial forces as externally applied forces [302] or
by introducing a kinetic energy density in terms of velocity components and integrating
over time between fixed limits at which the displacement variations disappear [303].

The functional used in [26] for the static problem is given by

=1 -+ 5P, (A1)
with
i) = [[[(T() - o (= - (65 +l2)) = 10l av
Qo)
- f f 7 o) s f f o (uf® — 7 as (A.2)
ri r{

the three-field generalized potential energy of the sub-region Q(®)

e = f f f (o@D —T(D) + (68 + £9)u) av

QB)
- f f (o —5)ulP as - f f oD as (A.3)
(9 N

the three-field generalized complementary energy of the sub-region Q%) and

H®P = f f oD ul ds (A.4)

(e, B)

OO
0

nents of the normal unit vector, the prescribed traction @;’ and the prescribed displace-
ment u; are given in Cartesian coordinates.

the mixed energy at the interface I(®#). The traction o with ny) the compo-
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A The sub-region three-field generalized mixed variational principle for elastodynamics

The variation of Equations (A.2) —(A.4) with respect to u,(;l), ag-) and 5,(;;) leads to [20]
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using the partial integration
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The extension to elastodynamics is ether accomplished by including inertial forces as

external body forces by modifying the external body forces fi(l) — fl-(l) — pill(l) [302] or by

introducing a kinetic energy density function T' = % p ﬂl(-l) ’iL,L(-l) and defining the functional
ffdeV—H dt (A.10)
Q
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through integration over time between fixed limits (¢g, t1) at which (5u§l) = 0 and setting
the first variation L = 0 [303]. The variation of the kinetic energy function is integrated
by parts

5/ ffdeth—/ fffpu”au”dv(it— / fffpu”(su”dvcit (A.11)
to to to
Q)
t
fffpugl) 5u£l) dv tl

Q) ’
Combining the Equations (A.5)), (A.7), (A.9) and (A.11)) leads to the final result
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which is equivalent to the result obtained with I = 0 in [26] and introducing the modified
external body forces using d’Alembert’s principle. The transformation of the surface
integrals in Equation (A.13)) to the boundary coordinate systems shown in Figure

ff (o) — " )ou as = ff (o — &) oul s, (A.14)
f f D)ool ds - f f (u) — 7)o" as, (A.15)

r® r®
f f (ot + 017 )ou® as = f f M) ouf®) ds, (A.16)
(a, B)
f f ) —u?)s f f Mo ds, (A.17)
(e, B) (a, B)

with r = {n, s, t}, leads to the boundary and interface conditions given in Equation (2.15)),
(2.16) and (2.19). The mixed boundary conditions can be derived from the Dirichlet and

Neummann boundary conditions.
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B The sub-region three-field generalized
mixed variational principle for thick plates

The sub-region three-field generalized mixed variational principle is derived in [26] and [30]
for the static deformation of elastic thick plates and is extended to the dynamic problem
in this chapter. Similar to the previous chapter, either the d’Alembert’s principle can be
used by applying inertial forces (moments) as externally applied forces (moments) [302] or
by introducing a kinetic energy density [303], which includes translational and rotational
kinetic energy. The stationary condition 6II = 0 of the functional [26] 30]

=1 -1 4 H®H), (B.1)

with the three-field generalized potential energy of the plate sub-region Q(¢)

v U oL
= ff Ub(ligja), I{',:E/a)7 ,gg(f?;)) + US(%(S)’ 71(12’{)) N Mgga) ﬁgca) B o

) PG PRICORPWACY
@@ O\ [ o) 9% Oy
Y Y dy zy | <My Oy ox

(@ Ow @
_ ( Al 22 7 (@) ) —ola) [ Ale) 22 ()
—(a « —(« a —(« «@ « —(a)
@) @) ) @) gle) o ))dxdy /(Q)UF(Q)( M (wl) —5)

QI () — @) )as = [ (M0 + QL wl®)as
N /rﬁf” M (04— )ds - /pg%pg;g ML i) ds, (B.2)

the three-field generalized complementary energy of the plate sub-region Q%)

e - [[ ( ~To(s®), 5P, 6 )~ Too, A2 + MO 6 4 MP P

o ®) & o (MY oM o))
2M T i _ P
+ Ty xy + Q ’Yacz + Q f)/yz + ( ox + 8y Qx + my ) T
oM oMY ) e, (0QF | 09 e
+ ( ay + aﬂf — Qy + my ¢y + 871,‘ + — ay dx dy

_ —8) 2 r(8) (8 H(B) e _ / B) _ 77 BN,,8)
/D(Lmurwg( s Mg + 07 Qn )ds F(@Ur(ﬁ) (Mn M, )% ds

- /F g[,)((Méf) - M) + (@ - QY )w®)ds - / MO 7P as,  (B.3)
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B The sub-region three-field generalized mixed variational principle for thick plates

and the additional energy term of the interface I'(®5)
o) — / (_ M) @) _ A @) 4 o) w(oo)ds (B.A)
pC F(a,ﬂ) n n ns S n Y

is equivalent to all field equations and boundary and interface conditions for the static
deformation of elastic thick plates.

The variation of the potential energy of the plate sub-region (@) (Equation (B.2))) is given

by
au" au
f f b VIR PR (U S PICR P
ki) c(Méa) Y Y

Qa)

(@) (@) (@)
n 3U( ~ 20 |onle) + BU( _ Q) | gyl 4 ‘9(]7(2 QL | (@)
0Ky ny 8fyyz

Ty Tz

(2) ()
_ <,i(a> vy >5M< o) _ <,€<a> _ Oy )5M3§a> _ (2 (o) e

m ox Y oy i Ay
U\ 51 rer (e 0 ow®
~ 0 _ [ _ 0@V s0@ _ (@ _ 0@\ so@
ox 5Mmy Yzz ox wz Qr Yyz ay Y Qy
aM(OC) aM(ZOj) aM(a) 8M(a)
_ i ry @) 4 () (@) _ Yy zy )
( o7 + 2y Qy +my" |0y ay + o Qy

o~ (22 i

- /p<a> pe) (vt _J(Sa))éM,S?) + (0@ — @) Qi) ds
uw Y

+ pg,a>(( M) )5¢<a>+ (Q Q(a)) S )) s

_ (@) _ @ () (@) _ F7N 5@
/F o (v = 33 )ami™ds + /F E,a>ur<">2(M" M) oy ds

+ / (M}f‘) S+ M) apl) 4 QL) 5w(°‘))ds, (B.5)
(e, B)

where the integration by parts in two variables [304]

ffM VW’ dedy = /M(a)&/}a)dy ffaM (B.6)

Q@) (@) Q)
(a) oM™

f M(a)aw dz dy = /MW 5 () dx—ff (B.7)
Q@) Qfa)

f f M<a>a5¢ drdy =~ [ M) sl @z - f f Mg;yéw;"“)dxdy, (B.8)
Qa) T(a) Q)

f f M(a)a&p drdy= [ M) sul?) ay f f OM3) 514 da dy, (B.9)
Qla) T(e) Q)
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(a) (o)
ff@éﬂ) 85;1; dedy = / Q'Y () dy — ff 0652; sw(®) dz dy, (B.10)

Q@) L) Q@
D5w(@) 0Qy"
(o) _ (@) s dp — y (a) B.11
foy 2 dedy - [ Q) sl as ff S dedy,  (BA)
Qle) @) Qe

the transformation of the bending moments Ma(f)‘) and Méa) and twisting moment MI(Z)
and rotations 1/1530‘) and 1/13(,0‘) to the boundary coordinates (n(‘"), s(a))

(M) dy — M) dz) o) — (M de— MG dy) sl =
(M) 616 + ML 59 () ) ds (B.12)

and the transformation of the shear forces Qﬁf‘) and Qg(la) to the boundary coordinates

(n(a)7 5(0<)>
(@1 dy — QI dur ) su(® = Q) 5w ds (B.13)
are used.

The variation of the complementary energy of the plate sub-region Q%) (Equation (B.3))

leads to
77(5)
f f Uy’ EVIONPRONE S O) PR
8&&5) 8%55) Y Y

QB

77(5) 77(8) 77(8)

oUy ou ou
— oMb B) _[ZZs o) B) _[ZZs o) (8)
( ] 2 Ty ) 6”:}:‘7/ ( o 1) Qx ) 5’795,2 ( 9 ) Q ) 67

Oty i

oy o) ouy’
+</€§f) o >5M ol (”55)—5;} )+ (20 - 2

op) Ow® ow®
_9% s B _ 9w ) s0®) B _ oW ) s0®)
ox 0 Ty + Vaz ox T 5Qx + ’sz 8y Y 5Qy

(9) (8) (8) (%)
4 (M Moy e) o) ) se) 4 (O OMay  e)
Ox Ay Ay ox Y

9 90P)
m§5)>5wéﬁ)—l—< Q +§?y+ ()>5w(5))dxdy

+ /F o), (0 =)o D + (0 — )50 ds

= i (2 = DE2)501 + (@~ Q)30 s

B) _ 7B) B)qe _ B) 7B 5..(8)
Jr/<5> d’ 1/] >5M ds /(B)UF<B> (M M, )MJ ds

" /I‘(a,m (1/)( POMP) + ) D+ uw?5QY ) (B.14)
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B The sub-region three-field generalized mixed variational principle for thick plates

where the integration by parts in two variables [304]

(8)
f f w@% dz dy = / P s P f f oy A dz dy, (B.15)

e G Q)
1)
ff%ﬂ)%ay dzdy = — / $P) sMP d ff o) SMP) d dy, (B.16)
a® Y T(B) QB)
a5 ML) oy
ffwg(cﬁ)ayy drdy = — / ¢g(cﬁ) (5M ff dx dy, (B.17)
QB B QB)
[[ LA, / uonay - [[ 2 O v aray, (B9
Q) Q®
ffw( 65@'3 dz dy = /w 5QP dy — ffé@ dz dy, (B.19)
o r(® Q®
)
ff“’(ﬁ) 85;2y dody = — / w® 6@§ﬂ)dxff01§5@§f> dz dy, (B.20)
Y Yy
a® (B QB)

the transformation of the bending moments M;,gﬁ ) and M;B ) and twisting moment Ma(/g)
and rotations wa(gﬂ ) and wéﬁ ) to the boundary coordinates (n(?), s(%)

(M) dy — 6M) dz)?) — (sM(P) dw— 6ML) dy) vl
(49 6MP) + () 5M<ﬁ>)ds (B.21)
and the transformation of the shear forces fo ) and Qéﬁ ) to the boundary coordinates
(n#), s(A)
(6 dy — Qi dz)w® = w@ 5Q{ ds (B.22)
are used.
The variation of the additional energy term of the interface I'(®#) (Equation (B.4)) results
in
B) — B B)
s D = [ (=MD 80— M) — ol 0
— M) 2@ 4 (@) 5@5@ + QP 6w ) ds. (B.23)

The extension to the dynamic problem of thick plates is achieved either by modifying the
external normal load q( ) ( ) — ph w0 and the external moments m(l) §f ) _ % ";(,;l)

and mg” — m( b L @ZJy (d’Alembert’s principle) or by introducing the kinetic energy

density of a thick plate [22]

_phf oz Bz e
=" (w +12(¢x +90°) (B.24)
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and defining the functional

t
L— lfdea:dy—H dt (B.25)
to
Q

through integration over time between fixed limits (¢g, t1) at which swl® =0, (W);l) =0

and (51/15” = 0 and setting the first variation L = 0 [303]. Integrating the variation of the
kinetic energy by parts leads to

tlfde:Edydt:/tlffph( 0 0™ h (¢ 5¢l)—|—@b 51/1 ))dxdydt
0 t

910} QO

t 2 .. ..
=— / 1 f f phlw® 5w<l>+h—(¢g> S 4 4D 5¢<’>) dzdydt,  (B.26)
to 19 Y Y

QO

) h? /. .
[[or <w<” u® + 1 (50 s + ) 5w§,’>)>

QW)
is used. Combining Equations (B.5)), (B.14]), (B.23]) and (B.26]) leads to the final result

77 (1)
5L =0= f f ( (W Mp) 550 + (Wbl - Mym) 5wl
(‘9&3(/)

Q)

77(1) 77(0) 77(1)
+ OL;’)_QMO ol + [ 22— QW | ir0 + [ 2o — QU | gyt
a"ffcy 8%2 Ovyz
O]
. <Hg> oY >5M(’) (&gp Gl >6M ( O
Ox dy Jy

l
o >5M h_ (7(” 0u® —¢§Z)>5Q§? - <’V§? - 8;”() - é”)é@él)
Yy

where

t1
=0 (B.27)
to

ox Ox

O, (1) ) 0
_(OMzT | OMay 3Mmy _ QW 4 — wu sy — (OMu” | OMay )
Ox Oy ox Y

- o " ((wﬁ” =) eM® + (w® —w®)6QP)ds
U

M(”)éw (Q(z Q(l))dw )d

+m) — ph? By )w (MJF@Q@’ +q® - phw“))aw(”)dxdy

+/<l>
_ 0 O _ 77D\ 550
/ o () wn)aM ds + Lo, (Mn s )w ds
g
I

(a, B) <(M( - M(ﬁ))éw(a) T ( - M) 60 ( ) + Q%ﬁ))&u(a)

— () + oM — (v + YoM — (w®) —w©)5Q(P)ds | dt.  (B.28)
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C The sub-region three-field generalized

mixed variational principle for thin plates

In [26] and [32] the sub-region three-field generalized mixed variational principle for the
static deformation of elastic thin plates is derived. In this chapter the method is extended
to the dynamic problem using either the d’Alembert’s principle [302] or the introduction of
a kinetic energy density [303]. The stationary condition 0II = 0 of the functional [26], [32]

with the three-field generalized potential energy of the plate sub-region Q(<)

2, (a
H}ga) = ff (Ub("i;(ra)v Hz(/a)u /i(a)> - q( o) (a) - Ma(:a) (Hugca) + 8(‘;;(2 )>

a o 82w(a) o a 82w(a)
— M) <ﬁ§, ) + 2) —2 M%) (Hgy) t away ) )W

oM, -
_ () 4 s (@) _ (@) qs — (@) (@)
/FELOOUFS%) (Qn + 55(@ )(w w )ds e V, w'®ds

ow® oy Ow@
(@) (@) / (@)
- /FEJ’” A <8n(a) * ¥ >ds * r{®ur(®) Mo Gty 45

the three-field generalized complementary energy of the plate sub-region Q%)

c Y

Hw):ff TP, 6P, kD) + MO kB 4 MO 1) 4 2 MO 1)

QB)

21 7(8) 21 7(8) 27 r(B)
+<a M e o) (ﬁ)> ()>dmdy_/ MO T g
Fgﬁ> n n

Ox? oy? Ox Oy

on® o 0w
_ (8) 4 THns ) os(B) (8 _ A
/ngmurgfa) <Q” T e U st /Fgfmurgﬁa) (Mn M, ) o ¢

oMY
(B) L hns 7B ) 8)
/(ﬁ) (Q o5 Vi >w ds,

and the additional energy term of the interface I'(®#)

A 8M(/5’)
(a,B) — (B) (8) ns (@)
Hpe /rm,m (M” on(@) * (Q” + 9s(B®) w ds,

S

(C.1)

(C.3)
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C The sub-region three-field generalized mixed variational principle for thin plates

is equivalent to all field equations and boundary and interface conditions for the static
deformation of elastic thin plates (excluding the effects due to corner forces).

The variation of the potential energy of the plate sub-region Q(® (Equation (C.2)) gives

77 (@)
5kl 4 — M) | 5k

(a) 2,(@) 2, ()
+( ol >)5ﬁgy>_<m;>+ax>m<> (;>+8y2)mg>

27 7(@) 2, r() 27 7(0)
>6M(0‘) - (a Mr” OMy | o0 My +q(a)>5w(a))dxdy

-2

89: ay e 0x? Oy? Ox Oy
pTC) @) _ 7@ 5@
/(Q)UF(Q) ) sy ds+/() Vi) ol ds
ow'®) —(a)\ 00w
(@)qs — () _ Jplen)2ow ~
+/r$f‘> (8 ) @ / o) (i) = 21,7) @ 4
dow®)
_ M@ _ (@) §p(@ )
/(a . ( @ Vo ow'Y | ds, (C.5)
where the integration by parts in two variables [304]
P?ow@ P?ow@ 925w
MY Z—— 4 M) 2 M) dzdy = :
ff( T Ox? + My Oy? + 2y Ox Oy vy (C.6)
Qo)
96w oML 82M(°‘) o2MLy)
M) (@) §o0(@) y 92 zy (a)
/F<a)< Ry -V, % dw ds + 922 By + 92 0y dw'*dx dy
Q)
is used.

The variation of the complementary energy of the plate sub-region Q%) (Equation (C.2))
leads to

—(8)
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where the integration by parts in two variables [304]

62M B) 82MZSB) 82M(5) aw(ﬁ)
r - B) s7B) 2= sy
ff ( 972 + D12 +2 9z dy dedy = /r(ﬁ) w6V, ENE) oM, |ds

Q)
92w(P) 92w 92w
(8) B) L9 ( ) )
+ff< 522 IMP) + oy M, + 920y dzdy (C.8)

QB)

is used.

The variation of the additional energy term of the interface [(eh) (Equation (C.4))) results
in

(9510(0‘) aw(a)
(e, B) — (8) (B) 4 (@) 51/(8) (8) §4p(c)
e ‘/m,m(M" @ T o O + 0@ P VD 5w Jds.(©9)

The dynamic problem of thin plates can be described either by modifying the external

normal load g — gl — phfa')(l) (d’Alembert’s principle) or by introducing the kinetic
energy density of a thin plate T' = %w(l)Q (rotatory inertia is neglected) and defining the

functional
fdexdy — 11 |dt (C.10)
Q

through integration over time between fixed limits (tg, t1) at which dw® = 0 and setting
the first variation 0 L = 0 [303]. The variation of the kinetic energy §7 is given by Equation
(B.26) if the rotatory inertia terms are neglected.

Combining Equations (C.5)), (C.7)), (C.9) and (B.26) (without rotatory inertia terms) leads

to the final result
770
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aQw(l) 82M(Z) 82M(l) aQM(l)
ol kO L 2 s i Y 92 Y 4 50
<“$y t oz ay | M 02 T o TP omay 1
—phw(l)>5w(l)) dedy — / ( O (l))(ﬂ/ ds + / V(l)>5w(l) ds
r®ur®

_ ) _ phygow
+ r$)<8n(l o ) a5 fi, (8 = I0) G

o D0w(@) N N
. <(M,(f) — @) 2D (v v gl

ow@  9w(B)
ow B) 1 (@ — ®)sy B
+<8n(o‘) + 5 | IMS + (w® = w5V, )ds | dt. (C.11)
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D Regularity conditions for integer
eigenvalues in an infinite wedge domain

The relation between the Bessel function of the first and second kind in Equation (6.16)
is only valid for non-integer orders. The series representation of the Bessel function of the
second kind for integer orders n [284]

n—k—1)z2kn 2 z
:_Z< leQk)n > +7r1n<2> Jn(2)

(_1)k Z2k+n
k! (n + k)l 22k+n

n € Ny, (D.1)

—Z(z/;o k+1)+vo(n+k+1))

k=0

where 1)g(e) is the digamma function, can be applied to define the required relations
between the constants A;) and B;y (i = {1, 2, 3}) for A € Np.

Using Equations (6.14]), (6.18) and (D.1) in the regularity condition for the out-of-plane
displacement (Equation (6.11])) results in

A=k =1/ 95\ 2k>\ 2k
e 2 5 (A b )
—0

(D.2)

2 & (1) 2%+ %+ 2%+) :
+; g(k!22k+>‘F(k+)\+1)(kf Bix+kjy " Be ) In(r) | = finite,

where ln( ) = ln(kfl) + In(r) and 1n<kf2r) = ln(kﬁ) + In(r) are used and the
multiplication with cos(Af ¢) or sin(Af{ ¢) is omitted. The following cases have to be
distinguished to further simplify Equation (D.2):

CaseI: A =0

If Af = 0, the functions w; and wy and the out-of-plane displacement w(r,¢) are
identical to zero in the whole domain and no restriction on Bjy and By are required.
For \{ =0, it follows from Equation (D.2)) and

limln(z) 2" =0 for v >0 (D.3)
z2—0
that the condition Big + Bsg = 0 has to be fulfilled.
Case II: A = {1, 2}

In this case, only the coefficients of 72*=* with k = 0 have to be equal to zero, since
all other terms are bounded in the limit. This leads to the relation

ki{ Bix+ k3 Bax =0, (D.4)
which is identical to Equation ([6.19)).
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D Regularity conditions for integer eigenvalues in an infinite wedge domain

Case III: A={3,4, ...}

For these values of A more than one linearly independent function has to be satisfied
to fulfill Equation (D.2) (coefficients of r?*~* with k = {0, 1, ...} have to be zero),
which leads to the trivial solution By = Bs) = 0.

Considering the two regularity conditions for the rotations (Equations (6.12]) and (6.13)),
the following cases are distinguished:

CaseI: A =0
If A\¢ = 0, the rotation 1, (r, ) is identical to zero in the whole domain, while the

rotation 1, (7, ¢) in the vicinity of the corner is given by

}i_I}r(l) Yo(r, ) = 7lnl_r)r(1) ks B3y Y1(ks ) = finite, (D.5)

which leads to Bsg = 0. For A} = 0, the rotation v,(r, ¢) is identical to zero and the
regularity condition for the rotation 1, (r, ¢) simplifies to

lli% _(Nl — 1) kfl Bio Yl(kfl T’) — (/.,LQ — 1) kfg By Yl(kfg T) = finite. (Dﬁ)
Using the series representation of the Bessel function of the second kind in Equation
leads to the condition (u1 —1) Big+ (u2—1) Bag = 0 (coefficient of r ! has to be
equal to zero). Combining this condition with the relation derived for the out-of-plane

displacement leads to the trivial result Big = By = 0, since more than one linear
independent equation has to be fulfilled.

Case II: A\={1,2,...}

In this case, the two regularity conditions for the rotations (Equations (6.12)) and
(6.13) can be simplified to

(t1 — 1) kg1 Bix
2

(Ya—i(kpir) = Yaga(kpir))
A Bs),

ll_If(l) wT (Ta (10) = }1_%

D.7
(p2 — 1) kg Bay (D7)
+ 2

(Yozi(kpar) = Yo (kpar)) — Y\ (ks ) = finite,

—1)\B —1)AB
= lim —(Hl ) 1A Y)\(kfl 7’) + —(MQ ) 22 Y/\(ka 7’)
r—0 T T (DS)

(Ya—1(ksm) — Yag1(ks 7)) = finite.

}% 1/}90 (Ta 90)
_ ks BS)\
2

Inserting Equations (D.1)) and (6.18)) into the simplified forms and using Equations
(6.14]) and (D.3]) results in the trivial solution Biy = Ba) = B3y = 0.

All cases therefore conclude that By = Bay = B3y = 0 for A € Ng and A; (¢ = {1, 2, 3})
can be chosen arbitrary.
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E Additional results for the validation
examples

In this appendix all contour plots, absolute error plots compared to the reference solution,
convergence curves of the WBM with respect to the total number of degrees of freedom and
the convergence curves of the WBM compared to the FEM with respect to the calculation
time, which are not shown in Section are presented. For a detailed discussion of the
results for the single domain problems (clamped, free, cantilever and simply-supported
plate), the reader is referred to Section and for the results of the multi domain

clamped plate to Section [6.4.2]
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E Additional results for the validation examples

Single domain clamped plate

.\vo

1079
—4.65 —2.19 0.26 2.72 5.18 10-13 1012 1011 1010
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(a) Real part of the displacement (b) Absolute error of the displacement
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s BUSEE |
—-8.02 —4.12 —-0.22 3.69 7.59 1012 101t 10—10 10—9
¥, [rad] le] [rad]
(c) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the z-axis

AN\

HE ' e
—0.65 3.23 7.11 10—12 10—11 10—10 10~9
1y [rad] ] [rad]

(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis

—8.42 —4.54

Figure E.1: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.005m) excited by an alternating circular load at 850 Hz calculated
with the original WBM using only the function set 1 and a truncation factor
T=2
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—7.94 —4.04 —0.15 3.75 7.65 10—12 10~ 1 10~10 1079
1y [rad] le] [rad]

(c) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the z-axis
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Wy [rad] |e[ [rad]

(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis

Figure E.2: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.005m) excited by an alternating circular load at 4195 Hz calcu-
lated with the original WBM using only the function set 1 and a truncation
factor T'= 2
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E Additional results for the validation examples

O\VQ

BT 0200 o
—4.68 —2.21 0.26 2.72 5.19 10— 10~ 10°1 10712 107U
w [m] le [m]
(a) Real part of the displacement (b) Absolute error of the displacement
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| mm— Bl
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(c) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the x-axis
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Figure E.3: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.005m) excited by an alternating circular load at 850 Hz calculated

with the modified WBM using only the function set 1 and a truncation factor
T=2
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Figure E.4: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.005m) excited by an alternating circular load at 4195 Hz calcu-
lated with the modified WBM using only the function set 1 and a truncation
factor T'= 2
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Figure E.5: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.01 m) excited by an alternating circular load at 1650 Hz calculated

with the original WBM using only the function set 1 and a truncation factor
T=2
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Figure E.6: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.01 m) excited by an alternating circular load at 5080 Hz calculated
with the original WBM using only the function set 1 and a truncation factor

T=2
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Figure E.7: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.01 m) excited by an alternating circular load at 8000 Hz calculated
with the original WBM using only the function set 1 and a truncation factor
T=2
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Figure E.8: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.01 m) excited by an alternating circular load at 1650 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.9: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.01 m) excited by an alternating circular load at 5080 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.10: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.01 m) excited by an alternating circular load at 8000 Hz calcu-
lated with the modified WBM using only the function set 1 and a truncation
factor T' =2
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Figure E.11: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.025m) excited by an alternating circular load at 3850 Hz calcu-

lated with the original WBM using only the function set 1 and a truncation
factor 7' =2
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Figure E.12: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.025m) excited by an alternating circular load at 10700 Hz calcu-
lated with the original WBM using only the function set 1 and a truncation
factor T' =2
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Figure E.13: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.025m) excited by an alternating circular load at 15870 Hz calcu-

lated with the original WBM using only the function set 1 and a truncation
factor T'= 2
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Figure E.14: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.025m) excited by an alternating circular load at 3850 Hz calcu-
lated with the modified WBM using only the function set 1 and a truncation
factor T' =2
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Figure E.15: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.025m) excited by an alternating circular load at 10700 Hz calcu-
lated with the modified WBM using only the function set 1 and a truncation
factor T'= 2
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Figure E.16: Out-of-plane displacement and rotations about the z- and y-axis of a clamped
plate (h = 0.025m) excited by an alternating circular load at 15870 Hz calcu-
lated with the modified WBM using only the function set 1 and a truncation
factor T' =2
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Figure E.17: Frequency response functions of a clamped plate (h = 0.005 m) excited by an
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alternating circular load calculated with the FEM (reference mesh) and the

modified WBM (function set 1 and set 2, T' = 2)
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235
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Figure E.19: Convergence curves of the out-of-plane displacement (clamped plate with
h = 0.005m) for the original WBM (set! (—e—), setla2 (—)) and the
modified WBM (set? (——), setla2 (——))
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Figure E.20: Convergence curves of the rotation about the z-axis (clamped plate with
h = 0.005m) for the original WBM (set! (—e—), setla2 (—<)) and the
modified WBM (set! (——), setla2 (——))
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Figure E.21: Convergence curves of the rotation about the y-axis (clamped plate with
h = 0.005m) for the original WBM (set! (—e—), setla2 (—)) and the
modified WBM (set? (——), setla2 (——))
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Figure E.22: Convergence curves of the out-of-plane displacement (clamped plate with
h = 0.025m) for the original WBM (set! (—e—), setla2 (—)) and the
modified WBM (set! (——), setla2 (——))
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Figure E.23: Convergence curves of the rotation about the z-axis (clamped plate with
h = 0.025m) for the original WBM (setl (—e—), setla2 (—)) and the
modified WBM (set! (——), setla2 (——))
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Figure E.24: Convergence curves of the rotation about the y-axis (clamped plate with
h = 0.025m) for the original WBM (set! (—e—), setla2 (——)) and the
modified WBM (set! (——), setla2 (——))
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Figure E.25: Out-of-plane displacement and rotations about the x- and y-axis of a free
plate (h = 0.005m) excited by a constant ring load at 220 Hz calculated with
the original WBM using only the function set 1 and a truncation factor 7' = 2
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Figure E.26: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.005m) excited by a constant ring load at 2550 Hz calculated
with the original WBM using only the function set 1 and a truncation factor

T=2
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Figure E.27: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.005m) excited by a constant ring load at 220 Hz calculated with
the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.28: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.005m) excited by a constant ring load at 2550 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.29: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.01m) excited by a constant ring load at 440 Hz calculated with
the original WBM using only the function set 1 and a truncation factor 7' = 2
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Figure E.30: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.01 m) excited by a constant ring load at 2580 Hz calculated with
the original WBM using only the function set 1 and a truncation factor T' = 2
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Figure E.31: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.01 m) excited by a constant ring load at 4970 Hz calculated with
the original WBM using only the function set 1 and a truncation factor 7' = 2
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Figure E.32: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.01 m) excited by a constant ring load at 440 Hz calculated with
the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.33: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.01 m) excited by a constant ring load at 2580 Hz calculated with
the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.34: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.01 m) excited by a constant ring load at 4970 Hz calculated with
the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.35: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.025m) excited by a constant ring load at 1050 Hz calculated
with the original WBM using only the function set 1 and a truncation factor

T=2
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Figure E.36: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.025m) excited by a constant ring load at 5900 Hz calculated
with the original WBM using only the function set 1 and a truncation factor

T=2

249



E Additional results for the validation examples

S

BT 00 a0
—5.67 —2.23 1.22 4.66 8.11 1012 10~ 11 1010 102 10~8
w [m] le| [m]
(a) Real part of the displacement (b) Absolute error of the displacement

| aaaamam——— Pl

-1.71  —0.82  0.07  0.96 1.85 -t 107 107° 1008 1077
¥, [rad] e [rad]
(c) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the x-axis

EE 2 a0’
—1.55 —0.87 —0.19 0.50 1.18 1011 10~10 109 10~8 10~7
1y [rad] le] [rad]

(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis

Figure E.37: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.025m) excited by a constant ring load at 10700 Hz calculated
with the original WBM using only the function set 1 and a truncation factor

T=2
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Figure E.38: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.025m) excited by a constant ring load at 1050 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.39: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.025m) excited by a constant ring load at 5900 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor

T=2
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Figure E.40: Out-of-plane displacement and rotations about the z- and y-axis of a free
plate (h = 0.025m) excited by a constant ring load at 10700 Hz calculated
with the modified WBM using only the function set 1 and a truncation factor

T=2
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(c) Averaged rotation about the y-axis

Figure E.41: Frequency response functions of a free plate (h = 0.005m) excited by a con-
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stant ring load calculated with the FEM (reference mesh) and the modified
WBM (function set 1 and set 2, T' = 2)
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Figure E.42: Frequency response functions of a free plate (h = 0.01 m) excited by a con-

stant ring load calculated with the FEM (reference mesh) and the modified
WBM (function set 1 and set 2, T' = 2)
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Figure E.43: Convergence curves of the out-of-plane displacement (free plate with h =
0.005m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure E.44: Convergence curves of the rotation about the z-axis (free plate with h =
0.005m) for the original WBM (set! (—e—), setla?2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure E.45: Convergence curves of the rotation about the y-axis (free plate with h =
0.005m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure E.46: Convergence curves of the out-of-plane displacement (free plate with h =
0.025m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure E.47: Convergence curves of the rotation about the z-axis (free plate with h =
0.025m) for the original WBM (set! (—e—), setla?2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure E.48: Convergence curves of the rotation about the y-axis (free plate with h =
0.025m) for the original WBM (set! (—e—), setla2 (——)) and the modified
WBM (setl (——), setla2 (——))
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Figure E.49: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.005m) excited by a constant circular load at 420 Hz
calculated with the modified WBM using only the function set 1 and a trun-
cation factor T = 2
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Figure E.50: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.005m) excited by a constant circular load at 3170 Hz
calculated with the modified WBM using only the function set 1 and a trun-
cation factor 1" = 2
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Figure E.51: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.01 m) excited by a constant circular load at 840 Hz calcu-

lated with the modified WBM using only the function set 1 and a truncation
factor T'= 2
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(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis
Figure E.52: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.01m) excited by a constant circular load at 3500 Hz

calculated with the modified WBM using only the function set 1 and a trun-
cation factor 1" = 2

261



E Additional results for the validation examples

[ aaEmE—e Bl EE 2 aaaa
-1.72 -0.81  0.09 0.99 1.90 0~ 1071 1072 1071 10710
w [m] le [m]

(a) Real part of the displacement (b) Absolute error of the displacement

HE = T
—6.08 —2.66 0.75 4.16 7.58 10—12 10~H 1010 10~°
1, [rad] ] [rad]

(c) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the x-axis

we \'
1078

| N | |
-5.10 —2.20 0.70 3.60 6.51 1012 1011 10~10 107°
Wy [rad] e[ [rad]

(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis
Figure E.53: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.01m) excited by a constant circular load at 6120 Hz

calculated with the modified WBM using only the function set 1 and a trun-
cation factor T' = 2
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(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis
Figure E.54: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.025m) excited by a constant circular load at 2000 Hz

calculated with the modified WBM using only the function set 1 and a trun-
cation factor 1" = 2
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Figure E.55: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.025m) excited by a constant circular load at 7750 Hz

calculated with the modified WBM using only the function set 1 and a trun-
cation factor T' = 2
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Figure E.56: Out-of-plane displacement and rotations about the z- and y-axis of a can-
tilever plate (h = 0.025m) excited by a constant circular load at 12770 Hz
calculated with the modified WBM using only the function set 1 and a trun-
cation factor 1" = 2
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Figure E.57: Frequency response functions of a cantilever plate (h = 0.005m) excited by
a constant circular load calculated with the FEM (reference mesh) and the
modified WBM (function set 1 and set 2, T' = 2)
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Figure E.58: Frequency response functions of a cantilever plate (h = 0.01m) excited by

a constant circular load calculated with the FEM (reference mesh) and the
modified WBM (function set 1 and set 2, T = 2)
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Figure E.59: Convergence curves of the out-of-plane displacement (cantilever plate with
h = 0.005m) for the modified WBM solved with the LU (set! (——), setla?2
(——)) and the SVD (set! (——), setla2 (—=—))
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Figure E.60: Convergence curves of the rotation about the x-axis (cantilever plate with
h = 0.005m) for the modified WBM solved with the LU (set! (——), setla2
(——)) and the SVD (set! (——), setla2 (—=—))
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Figure E.61: Convergence curves of the rotation about the y-axis (cantilever plate with
h = 0.005m) for the modified WBM solved with the LU (set! (——), setla?2
(——)) and the SVD (setl (——), setla2 (—=—))
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Figure E.62: Convergence curves of the out-of-plane displacement (cantilever plate with
h = 0.025m) for the modified WBM solved with the LU (set! (——), setla?2
(——)) and the SVD (set! (——), setla2 (—=—))
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Figure E.63: Convergence curves of the rotation about the x-axis (cantilever plate with
h = 0.025m) for the modified WBM solved with the LU (set! (——), setla2
(——)) and the SVD (set! (——), setla2 (—=—))
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Figure E.64: Convergence curves of the rotation about the y-axis (cantilever plate with
h = 0.025m) for the modified WBM solved with the LU (set! (——), setla?2
(——)) and the SVD (set! (——), setla2 (—=—))
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Single domain simply-supported plate
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Figure E.65: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.005m) excited by a point load at 670Hz
calculated with the modified WBM using the function set 1, corner functions
and a truncation factor T = 2
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Figure E.66: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.005m) excited by a point load at 3800 Hz
calculated with the modified WBM using the function set 1, corner functions
and a truncation factor 1" = 2
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Figure E.67: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.01m) excited by a point load at 1300 Hz

calculated with the modified WBM using the function set 1, corner functions
and a truncation factor T' = 2
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(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis

Figure E.68: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.01m) excited by a point load at 4600 Hz
calculated with the modified WBM using the function set 1, corner functions
and a truncation factor 1" = 2

273



E Additional results for the validation examples

an’.
——1

) . . >
‘;"/.3.1 ‘,!‘, L)

HE == e HE e
-1.53 —0.71 0.11 0.92 1.74 10~ 10-12 10—t 10-10 109
w [m] le| [m]

(a) Real part of the displacement (b) Absolute error of the displacement

-
[ aaam—— Bl
—-5.62 —2.40 0.82 4.03 7.25 1011 1010 1079 10-8
¥, [rad] e [rad]
(c) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the x-axis

HE ' e
—-5.93 —3.05 —0.18 2.69 5.57 1011 10—10 109 10—8
1y [rad] le] [rad]

(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis
Figure E.69: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.01m) excited by a point load at 7310 Hz

calculated with the modified WBM using the function set 1, corner functions
and a truncation factor T' = 2
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Figure E.70: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.025m) excited by a point load at 3150 Hz
calculated with the modified WBM using the function set 1, corner functions
and a truncation factor 1" = 2
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Figure E.71: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.025m) excited by a point load at 9800 Hz
calculated with the modified WBM using the function set 1, corner functions
and a truncation factor T' = 2
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Figure E.72: Out-of-plane displacement and rotations about the z- and y-axis of a hard
simply-supported plate (h = 0.025m) excited by a point load at 15060 Hz

calculated with the modified WBM using the function set 1, corner functions
and a truncation factor 1" = 2
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Figure E.73: Frequency response functions of a hard simply-supported plate (h = 0.005 m)
excited by a point load calculated with the FEM (reference mesh) and the
modified WBM (function set 1 and set 2, corner functions, T' = 2)
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Figure E.74: Frequency response functions of a hard simply-supported plate (h = 0.01m)
excited by a point load calculated with the FEM (reference mesh) and the
modified WBM (function set 1 and set 2, corner functions, 7' = 2)

279



E Additional results for the validation examples

10 10! 10!

100 ) 100 ) 100 )
107t | - 1071 - 1071 - -
= 1072 1 =107 1 =107 2
1073 . 1073 | f 1073 | .
1074 - 1074 - 1074 |- -

1075 : : 105 : ; 1075 ; ;

10t 102 102 10% 10t 102 102 10% 10t 102 102 10%
# dofs # dofs # dofs
(a) 670 Hz (b) 2300 Hz (c) 3800 Hz

Figure E.75: Convergence curves of the out-of-plane displacement (hard SS plate with
h = 0.005m) for the modified WBM (set! (——), setla2 (——), set1CF
(——), set1a2CF (—=—))
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Figure E.76: Convergence curves of the rotation about the z-axis (hard SS plate with
h = 0.005m) for the modified WBM (set! (——), setla2 (——), setl1CF
(——), setla2CF (—=—))
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Figure E.77: Convergence curves of the rotation about the y-axis (hard SS plate with
h = 0.005m) for the modified WBM (set! (——), setla2 (——), set1CF
(——), set1a2CF (—=—))

280



101 101 101

100 ) 100 ) 100 :
1071 | a 1071 a 107t :
= 1072 1 =12 1 =12 ]
1073 |- a 1073 | a 1073 | :
1074 | 2 1074 | 2 1074 | 2

10_5 | | —5 | | —5 | |

10t 102 10%  10* 10t 102 103 10* 0t 102 10 10%
# dofs # dofs # dofs
(a) 3150 Hz (b) 9800 Hz (c) 15060 Hz

Figure E.78: Convergence curves of the out-of-plane displacement (hard SS plate with
h = 0.025m) for the modified WBM (set! (——), setla2 (——), setlCF
(——), set1a2CF (—=—))
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Figure E.79: Convergence curves of the rotation about the z-axis (hard SS plate with
h = 0.025m) for the modified WBM (set! (——), setla2 (——), setl1CF
(——), setla2CF (—=—))
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Figure E.80: Convergence curves of the rotation about the y-axis (hard SS plate with
h = 0.025m) for the modified WBM (set! (——), setla2 (——), set1CF
(——), set1a2CF (—=—))
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Multi domain clamped plate
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Figure E.81: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.005m) excited by a constant circular load at
350 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T'= 4
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Figure E.82: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.005m) excited by a constant circular load at
1650 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T' =4
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Figure E.83: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.01m) excited by a constant circular load at
680 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T'= 4

284



[ N E 2 e
—6.13 =3.06 0.00 3.07 6.13 10~'* 1018 10-'2 10~'t 1010
w [m] e [m]

(a) Real part of the displacement (b) Absolute error of the displacement

EE 0 00 o [
-1.50 —0.79 —0.09 0.62 1.32 10-*2 1071 10710 1079
¥, [rad] le] [rad]
(c¢) Real part of the rotation about the z-axis (d) Absolute error of the rotation about the z-axis

EE e io® HE ' e
—7.39 —-3.74 —0.09 3.57 7.22 10—12 10~ 11 1010 10~9
1y [rad] ] [rad]

(e) Real part of the rotation about the y-axis (f) Absolute error of the rotation about the y-axis

Figure E.84: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.01 m) excited by a constant circular load at
2060 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T' =4
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Figure E.85: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.01m) excited by a constant circular load at
3240 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T' =4
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Figure E.86: Out-of-plane displacement and rotations about the z- and y-axis of a multi

domain clamped plate (h = 0.025m) excited by a constant circular load at
1650 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T' =4
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Figure E.87: Out-of-plane displacement and rotations about the z- and y-axis of a multi
domain clamped plate (h = 0.025m) excited by a constant circular load at
4740 Hz calculated with the modified WBM using both function sets, corner

functions and a truncation factor 7' = 4
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Figure E.88: Out-of-plane displacement and rotations about the z- and y-axis of a multi

domain clamped plate (h = 0.025m) excited by a constant circular load at
7200 Hz calculated with the modified WBM using both function sets, corner
functions and a truncation factor T'= 4
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Figure E.89: Frequency response functions of a multi domain clamped plate (h = 0.005 m)
excited by a constant circular load calculated with the FEM (reference mesh)
and the modified WBM (function set 1 and set 2, corner functions, T' = 4)
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Figure E.90: Frequency response functions of a multi domain clamped plate (h = 0.01m)
excited by a constant circular load calculated with the FEM (reference mesh)
and the modified WBM (function set 1 and set 2, corner functions, T' = 4)
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E Additional results for the validation examples
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Figure E.91: Convergence curves of the out-of-plane displacement (multi domain clamped
plate with A = 0.005m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))
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Figure E.92: Convergence curves of the rotation about the z-axis (multi domain clamped
plate with A = 0.005m) for the modified WBM (set! (——), setla2 (——),

set1CF (——), set1a2CF (—=—))
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Figure E.93: Convergence curves of the rotation about the y-axis (multi domain clamped
plate with A = 0.005m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))

292



101 101 101

100 |- 2 109 . 100 |
107t | 107t S
S S =107t :
1072 . 1072 .
—2 | |
1073 |- 1 1078 |- 1 10
10~* ; ; 10—* ; 10-3 ;
10t 102 10% 10% 102 103 104 102 103 10*
# dofs # dofs # dofs
(a) 1650 Hz (b) 4740 Hz (¢) 7200 Hz

Figure E.94: Convergence curves of the out-of-plane displacement (multi domain clamped
plate with A = 0.025m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))
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Figure E.95: Convergence curves of the rotation about the z-axis (multi domain clamped
plate with A = 0.025m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))
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Figure E.96: Convergence curves of the rotation about the y-axis (multi domain clamped
plate with A = 0.025m) for the modified WBM (set! (——), setla2 (——),
set1CF (——), set1a2CF (—=—))
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