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Abstract

This report is concerned with the gradient-based shape optimization of two dimensional
wave barriers using the Boundary Element Method (BEM) and the Finite Element Method
(FEM) in the time harmonic domain. The advantages and disadvantages of both numeri-
cal methods are widely known, and the problem at hand is one of those problems where
they complement very well. The main focus is on the development of the formulation
required for the calculation of shape sensitivities, which is usually the costlier stage of a
gradient-based shape optimization. Shape sensitivities are calculated using a Direct Dif-
ferentiation Method (DDM) rather than an Adjoint Variable Method (AVM) because a
small number of design variables is considered. For the sake of completeness and use-
fulness, the formulation is described in such a level of detail that its implementation is
relatively straightforward. From the FEM point of view, the formulation is developed
for wave propagation through isotropic elastic solids. From the BEM point of view, the
formulation is developed for wave propagation through inviscid fluids, and anti-plane and
in-plane wave propagation through isotropic elastic solids. An entire chapter is devoted
to the optimization of wave barriers, where the developments of the present work are ap-
plied to the optimization of a simple wave barrier. The studied problem exploit partially
the BEM—-FEM coupling as it can also be solved by using a BEM—BEM model. How-
ever, it serves as an application of the methodology, which will remain valid for future
developments based on this work.
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Organization of the report

Chapter 1 gives an overview of the subject by describing several concepts related to
wave barriers and optimization.

Chapter 2 gives an overview of shape sensitivity analysis using the Finite Element Method,
and describes in detail the formulation for 2D solid finite elements.

Chapter 3 gives an overview of shape sensitivity analysis using the Boundary Element
Method, and develops the Singular Boundary Integral Equations for 2D shape sensi-
tivity analysis of Laplace (heat conduction, electrostatics, potential flow), Helmholtz
(wave propagation in inviscid fluids, anti-plane elastodynamics), in-plane elasto-
statics, and in-plane elastodynamics problems.

Chapter 4 describes BEM-BEM and BEM-FEM coupling for sensitivity analysis.

Chapter 5 contains the application of the described methodologies to the shape opti-
mization of a simple wave barrier. This chapter also gives the main conclusions and
ideas for further research.






Chapter 1

Introduction

1.1 Wave barriers

Machinery and vehicles are a source of vibrations that can travel through the soil to nearby
constructions, where they can annoy people or cause equipment malfunctioning or even
damage. In order to reduce the vibrations, one or more wave barriers can be installed
along the transmission path as a passive isolation system. The design of each system
depends on the source of vibrations, the properties of the transmission path, and the iso-
lation requirements. Open trenches are very efficient as wave barriers because its stress-
free boundaries act as perfect reflectors of elastic waves. The efficiency of open trenches
greatly depends on the ratio between the Rayleigh wavelength and the trench depth. How-
ever, a pure open trench can not be excavated to any desired depth for soil stability reasons.
Thus, other systems such as in-filled trenches, or the installation of sheet piles or rows of
piles, are often used. Another option is reinforcing the open trench by installing retaining
sheet piles or concrete walls on both sides of the trench.

The literature about the design and analysis of wave barriers is vast. Before the nu-
merical computing era, only experimental studies were performed in order to assess these
problems. Barkan [10] conducted experiments to study the efficiency of open trenches
in dry and water saturated soils, and sheet piles barriers in a dry soil. Woods [60] per-
formed a more systematic set of field tests to study the effect of the geometry of open
trenches over their efficiency. They confirmed experimentally the well known fact that
the efficiency of open trenches mostly depends on the depth to Rayleigh wavelength ratio.
Woods found that the width of the trench has little influence on efficiency. Nowadays,
analytical, semi-analytical and numerical methods are being used, although experimen-
tal methods are still being used to confirm or parametrize mathematical models. Three
kinds of wave barriers have been extensively studied: open and in-filled trenches, and
rows of piles; mainly using the Boundary Element Method (BEM). The open and in-filled
trenches have been studied through two-dimensional BEM models by Emad et al. [30],
Beskos et al. [16, 40], and even formulas for a simplified design have been given by Ah-
mad et al. [2]. They were studied in three-dimensional problems using BEM models by
Banerjee et al. [9] and Dasgupta et al. [27]. The vibration isolation produced by rows of
piles have been studied by Avilés et al. [7] analytically, and by Kattis et al. [39] using a
three-dimensional BEM model.

Most of the effort has been directed towards the analysis of wave barriers in general
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situations in order to obtain useful design rules, where the influences of the source, wave
barrier, soil, and receiver are evaluated by doing parametric studies. A step forward is
being taken for obtaining better designs by applying optimization algorithms to this prob-
lem [35]. The optimization of wave barriers leads to better designs for both general and
particular situations, but specially for the latter as it allows obtaining the best solution
taking into account specific economic and engineering constraints.

1.2 Optimization

Nowadays, design optimization is a crucial field in engineering. When facing a design
problem, the very first step is to come out with a solution or a concept that simply works,
1.e. the design does what is required. In our competitive environment this is not enough,
and the design must fulfill several constraints and perform well under different conditions.
Furthermore, the main objectives are usually accompanied by other secondary objectives,
which can be even conflicting objectives. An appropriate methodology to do such an
optimization is using optimization algorithms and numerical simulation of the problem.
The mathematical formulation of an optimization problem can be written as [48]:

. .  e@=0,ierT
min f; (a) ,i €  subject to 1.1
R i@, 1€ T S0ty {h,-(a):O, icé (b

where f;, g; and h; are scalar valued functions of the variables a, and ¥, 7 and & are sets of
indices. The variable a is the vector of design variables. The functions f; are the objective
functions, g; the inequality constraints, and 4; the equality constraints. Optimization is a
very active field of research because of its complexity and usefulness. There are a plethora
of optimization algorithms, each of one designed to target a range of problems. They
can be mainly divided into deterministic and heuristic approaches. The deterministic
approach take analytical properties of the problem to generate points that converge to
optimal solutions. The heuristic approach is more flexible than the deterministic one, but
the quality of the obtained solution cannot be guaranteed and the number of evaluations
of the objective function is usually greater. A good reference on deterministic algorithms
is [48], and on heuristic algorithms [34, 28].

The structural optimization problem can be explained using the paradigm of three
interacting models [5]: the design model, the analysis model and the optimization model.
Here, we give a slightly broader definition of this paradigm in order to include other
aspects than geometry.

The design model is a subset of all possible designs. Thus, it is a decisive step that
needs some knowledge about the problem at hand. The description of a design model
comprises information about its geometry, materials and conditions. The most important
piece of information is the geometrical one. All others are somehow supported on it. The
geometric description consists of information related to the topology, i.e. number of sub-
domains and their connectivity, and information related to the shape of each sub-domain.
The material information offers data about the type of material and its properties at each
point of the domain. Each sub-domain is usually made of the same type of material with
homogeneous properties, but in general the properties could vary over it. The description
about conditions consists of support, interface and load information. All this information
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must be expressed in a mathematical form as a set of equations, inequalities and variables
(continuous or discrete). Eventually, some of the variables become constants, parameters
or design variables, being these latter those that actually change during the optimization
process.

The analysis model allows evaluation of objective and constraint functions, and their
gradient or even Hessian if needed by the optimization model. This model must be equiv-
alent to the design model, but ready to be used by an analysis procedure. The analysis
procedure can be a closed-form analytical solution, but more often is a semi-analytical or
numerical procedure.

The optimization model selects the best design according to the objective and con-
straint functions from the possibilities offered by the design model. For a multi-objective
optimization, it gives a range of designs which defines the Pareto front. The model re-
quires the definition of the design variables and their domains, the objective and constraint
functions, and the optimization algorithm. The optimization model acts as the job man-
ager in the optimization process, i.e. it decides at each step what designs have to be
analysed and then takes further decisions using the analysis results.

1.3 Sensitivity analysis

Most of the analyses consist in obtaining the response of a given design, these are the
usual zero-order static, time harmonic, transient, modal, etc. analyses. In order to study
the influence of some design parameters, it is possible to run several zero-order analyses
with different values of these design parameters, i.e. a parametric study. It is appropriate
when the engineer would like to have a global idea of the performance of the design for a
range of variation of a small number of parameters. For other purposes like optimization,
identification or reliability studies, zero-order analyses are usually not enough. Sensitiv-
ity analyses consist in obtaining first- and second-order static, time harmonic, transient,
modal, etc. analyses of a design with respect to the variation of continuous design param-
eters [25].

Let a be a vector of continuous design parameters, and f = f(a) a field variable
(displacement, velocity, stress, etc.) or combination of field variables (performance, con-
straints, etc.). If f is smooth enough (f € C?), it is possible to build a Taylor’s approxi-
mation of f near a given set of values of the design parameters a’:

f@)=f° +f (aj—a)+fjk(aj )(ak—ak)+0[(Aa)] (1.2)

where f0 is obtained from a zero-order analysis, fﬂ from a first-order sensitivity analy-
sis (gradient), and fO from a second-order sensitivity analysis (Hessian), all at a = a’.
Note that indicial notatlon comma notation for derivatives with respect to the design pa-
rameters, and Einstein summation convention are used in Equation (1.2). Most of the
literature about sensitivity analysis is focused on first-order analysis. Second-order anal-
ysis, although useful for checking optimality conditions, is seldom performed because of
its computational cost and its comparatively narrow range of applications [25]. Therefore,
in the following, the term “sensitivity” is used as a synonym of “first-order sensitivity”.
There are four major methodologies for obtaining sensitivities [59]: overall or global
finite differences, continuum derivatives, discrete derivatives and computational or auto-
matic differentiation. The last three methodologies can be formulated as direct and adjoint
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methods. In the direct approach, the derivatives of the entire structural response are ob-
tained, and then the performance functions can be obtained by using the chain rule of
differentiation. In the adjoint approach, an adjoint problem is formulated for each per-
formance function, and hence not all derivatives of the structural response are obtained.
Roughly speaking, the direct approach focuses on structural response, while the adjoint
approach focuses on structural performance. The former is appropriate for a small number
of design variables and a big number of performance functions, and the latter is appro-
priate for the opposite. In both approaches, the obtained matrix of the linear system of
equations (stiffness or influence matrix) is exactly equal to that of the zero-order analysis,
and thus its factorization could be used for the sensitivity analysis. The effort is employed
in building the vector of the linear system of equations (load vector). Van Keulen et al.
[59] give a very complete review of methods of structural sensitivity analysis. Next, a
brief overview is given.

The Global Finite Differences (GFD) methodology is based on estimating the perfor-
mance sensitivity f(]) by using a finite difference formula which requires only zero-order
analyses:

f§=FD[ /. Ad)| (13)

where the FD operator can represent a forward, central, 4-point central, etc. finite differ-
ence formula with a perturbation Aa? on the j-th design variable. It is the easiest method
to implement. However, it is computationally inefficient and unreliable as an appropriate
value of the perturbation is needed. Furthermore, not always is possible to find a finite dif-
ference formula and a value of the perturbation that lead to a sensitivity with the required
precision. Therefore, GFD should be the last resort for computing sensitivities.

In the Continuum Derivatives (CD) approach, the sensitivities are obtained by dif-
ferentiating the continuum governing equations (partial differential or integro-differential
equations). It leads to a set of continuum sensitivity equations which are then usually
solved numerically. For shape sensitivities, because the domain itself becomes a design
variable, a material differentiation approach or a control volume approach must be used
[6].

In the Discrete Derivatives (DD) approach, the sensitivities are obtained by differ-
entiating the discretized set of equations. Thus, in the DD approach the differentiation
and discretization processes are reversed with respect to the CD approach. For some
cases, if the same numerical method and discretization is used, it has been proven that
both approaches lead to the same solution [5]. The element-wise matrices obtained af-
ter differentiation involves derivatives of the stiffness and load matrices. Although these
derivatives can be evaluated analytically, they are particularly involved and lengthy for
shape sensitivities. Therefore, they are usually approximated by finite differences, which
not only is much more easy to implement, but also is cheaper computationally. In this
case, the approach is called semi-analytical.

Automatic Differentiation (AD) approach consists in the differentiation of the com-
puter code itself. Although finite element codes are composed of many more or less com-
plex subroutines and functions, they are basically a collection of elementary functions.
AD approach defines the partial derivatives of these elementary functions, and then the
derivatives of complicated subroutines and functions are computed using propagation and
the chain rule of differentiation. Although it may appear to be simple and straightforward,
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it is not. It requires enough skills to apply the tools to the source code, and a judicious
choice of where to apply it in order to get an efficient code. Furthermore, it could require
the modification of the original code before applying the tools.

1.4 Parametrization

Parametrization (or parameterization) is the process by which some entity is described
in terms of parameters. In our context, this is done over the description of the design
model. The parametrization of a design is not unique nor trivial, it has a huge impact on
the result of an optimization process. In fact, it materializes the design model by setting
a set of parameters and mathematical expressions that defines the geometry, material and
conditions of a design model. The parameters that are used in an optimization process are
the design variables.

In structural design, there are mainly five kinds of parameters [25]: material parame-
ters (Young’s modulus, fiber orientation, etc.), size parameters (thickness, cross-section,
etc.), shape parameters (length, radius, etc.), configuration parameters (orientation and
location of structural elements), and topological parameters (number and connectivity of
structural elements). Note that some of them are closely related, and, for example, the last
four could be grouped as geometrical parameters. These parameters can be also classified
as discrete (boolean or integer) or continuous (real) parameters.

The literature about geometric parametrization is vast and specialized, particularly
in shape parametrization, which is probably the most involved. Before going further,
it is necessary to define some concepts related to shape parametrization and sensitivity
analysis. For first-order analyses, each shape parameter is studied independently from
others, i.e. the sensitivities are obtained without considering other shape parameters.
Although several parameters could be linked through some constraints in order to obtain
a feasible design, this is something managed by the optimization algorithm and does
not influence the first-order sensitivity analysis. For this reason, it is possible to build
a Taylor’s expansion of the geometrical design with respect to the parameter a around a

given state a = a°:

i:x+v(a—a0)+0[(a—ao)2] (1.4)

where x is a point of the domain Q(a°), v = v(x,a’) = (6x/da), is the design velocity
field, and X = X (X, a) is the new location of the point x for a parameter value a. This is
a linear mapping of points of the domain Q(a°) to Q, that approximates the domain for a
small variation of a, see Fig. 1.1. It must obviously be continuous, i.e. v € C°, otherwise
the mapping breaks the domain.

For first-order shape sensitivity analysis, the design velocity field v of each design
variable has to be defined for all points of the domain. There are a large number of
strategies to build and update this mapping during optimization processes [58, 54, 25, 26,
5]. Although it is difficult to classify all these strategies, there are three main philosophies:

Based on geometry. In order to build the geometry, it is necessary to use a CAD (Com-
puter Aided Design) tool which can use a Boundary REPresentation (BREP), Func-
tion REPresentation (FREP), Constructive Solid Geometry (CSG) or other repre-
sentation. Since the representation is based on a set of equations and parameters,
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Figure 1.1: Taylor’s expansion of the shape parametrization

these parameters are available as design variables. Once the mesh is obtained from
the CAD model by a mesher, the design velocity field of each design variable can
be inherited to the nodes of the mesh by differentiation of the representation with
respect to the design variable at the position of the nodes.

Based on mesh. Instead of working with the representation given by the CAD model, it
is possible to use the representation provided by the mesh. The nodal coordinates
are used as design variables, which lead to a big set of design variables. It is also
called parameter-free or FE-based parametrization.

Based on a free-form deformation. An auxiliary design mesh consisting of isoparamet-
ric elements, B-splines or NURBS is defined in order to deform the CAD model or
the mesh. The points of the CAD model or the nodes of the mesh are connected to
the design mesh by position, i.e. there is a one-to-one correspondence (a mapping)
between the design model and the CAD model or mesh. The design mesh acts as
a canvas where the CAD model or the mesh is stuck, and any deformation applied
to the canvas is accordingly done over them. The design variables can be the nodal
coordinates or control points of the design mesh.

None of the strategies are of general applicability. The strategies based on geometry are
useful for clearly defined shape optimizations, for example when the design variables are
radii, lengths or positions of straight or arc-like lines. If the CAD model allows patches
of variable order, then it would be possible to obtain more complicated shapes. A major
drawback is that CAD tools do not usually come with all the necessary features to apply
these strategies easily. The strategies based on mesh movement offer more freedom to
the shape optimization. However, this freedom comes with some additional costs. Reg-
ularization and remeshing processes are needed after each optimization step in order to
obtain a feasible design and a valid mesh. Furthermore, because of the number of de-
sign variables and the post-processing stages after each iteration, they can be relatively
expensive computationally. The strategies based on a free-form deformation have char-
acteristics of the latter two. They offer a selective in-between flexibility with respect to
shape variations, from very simple and constrained shapes to very complex shapes. More-
over, they have much less problems associated with the distortion of the mesh, and thus
regularization and remeshing are hardly needed.
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Chapter 2

Shape sensitivities using the Finite
Element Method

2.1 Introduction

As pointed out in Section 1.3, the calculation of shape sensitivities can be done in several
ways. Apart from the unreliable Global Finite Difference (GFD) approach, the other three
approaches are somehow equivalent, but very different with respect to where and how
much effort is required. From the point of view of the Finite Element Method (FEM), the
Discrete Derivatives approach is probably the most appropriate. Its starting point is the
system of equations obtained from the discretization.

Consider the global system of equations resulting from the discretization of an elastic
domain by using the FEM:

Ku = f 2.1

where K is the stiffness matrix, u is the degrees of freedom vector of dimension Ny, and
f is the load vector. Consider also N objective or constraint functions i;, and the vector
of design variables a of dimension Ng,:

wl’:l//i(a,u(a)), i = 1,---’Nf (22)
By differentiating Equation (2.1) with respect to the design variables:
ou of 0K
oA Ry i=1,...,Na 2.3
(961,- (9a,- aai . ! ’ 24V ( )

where du/da; is the vector of sensitivities of u with respect to a;, and df/da; and 0K /da;
are derivatives with respect to a;, which can be calculated by using the design parametriza-
tion. In the so-called semi-analytical approach, these derivatives are calculated by finite
differences, which is relatively simple but accurate. Because compatibility and equilib-
rium conditions also hold for the displacement and traction sensitivities, these derivatives
can be calculated element-wise and then assembled into the global system of equations as
usual. By differentiating Equation (2.2) with respect to the design variables:

dv; _ v, owiou

= ———, i=1,...,N, j=1,...,Nav, k=1,..., Ngo 2.4
da; Oa; Ouida; : rJ ¢ dof @4
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where indicial notation and Einstein summation convention are used. This approach
can be formulated as a Direct Differentiation Method (DDM) or as an Adjoint Variable
Method (AVM). DDM consists in performing the following steps:

1. Solve Equation (2.1), i.e. zero-order analysis.

2. Solve Equation (2.3), i.e. first-order sensitivity analysis.

3. Substitute results in Equation (2.4) in order to obtain the gradient of each objective
or constraint function.

AVM requires a reformulation of Equation (2.4) by substituting du;/da; obtained from
Equation (2.3):

dy; Oy Oy [Ofi OKj oy, ofi 0Ky

Wi Wi Higr (G Tk, )= Ty g (2L 22k 2.5

daj 6aj " (91/!]( li 6aj 8aj e 6aj T 6a]~ aaj k ( )

i

2 ki (2.6)
Uk

where [ = 1,..., Ny, and Equation (2.6) represents the adjoint problem with A; as the
adjoint variables and dy;/du, as the adjoint loads. Note that this problem has the same
stiffness matrix as the original problem, although transposed. Adjoint loads are explicit
and known once the objective or constraint functions are defined. Therefore, AVM con-
sists in performing the following steps:

1. Solve Equation (2.1), i.e. zero-order analysis of the original problem.

2. Obtain the loads from Equation (2.3), i.e. the loads required for solving first-order
sensitivity analysis.

3. Solve Equation (2.5), i.e. zero-order analysis of the adjoint problem.

4. Substitute results in Equation (2.5) in order to obtain the gradient of each objective
or constraint function.

Both methods require solving the zero-order analysis of the original problem, and also the
calculation of the stiffness matrix and load vector derivatives with respect to the design
variables. The main difference is the additional linear system of equations that must be
solved. DDM requires solving as many systems as the number of design variables, while
AVM requires solving as many systems as the number of objective or constraint functions
that require the calculation of their gradients. A very concise comparison between both
methods can be found in [25]. In the present work, DDM is used because a small number
of design variables are considered.

The rest of the chapter is organized as follows. In Section 2.2, the 2D solid isopara-
metric finite element is described, including the matrices derivatives, their approximation
by finite differences, and their analytical evaluation. In Section 2.3, an example is solved
analytically and numerically in order to validate the formulation and its implementation.
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2.2 2D solid isoparametric finite element

Although widely known, the 2D solid isoparametric finite element formulation is going
to be briefly described for the sake of completeness. It also allows describing the basic
semi-analytical approach as well as an exact method [49] for the evaluation of the matrices
derivatives.

2.2.1 Basic formulation

A 2D solid isoparametric finite element with N, nodes is built using the same interpolation
for the geometry and the displacement field:

x(D

i=N, ..
X = Z NOXO =[ NOI ... NOT ... NI |{ x@ §=NOx© 2.7)
i=1 ...
x (V)
u =N®u® (2.8)
where x is the position vector of the i-th node in global coordinates, N© = N (£, &)

is the shape function associated the the i-th node, &, and &, are the local curvilinear coor-
dinates, and I is the 2 X 2 identity matrix. The transformation between local curvilinear
coordinates and global cartesian coordinates is governed by the Jacobian matrix:

af _afox; . of of . of

=2 -yt Gg=J' ZL=¢G,-~ 2.9
(96,‘ an (9& J@xj —J> (9x,- J@fl,- ( )
where:
aX] (9)62 =N, 3N(l) (l) (9N(l) (l) J J
— i=Ny X X
= a‘f] afl - a‘f] ! a‘f] : — ! 12 2.1
J . : (2.10)
(9)61 axz i1 aN(l) ) aN(L) ) J J
— = X X
0é, 0, 06 " 08 oo
and its determinant relates infinitesimal domains in both spaces:
dQ = |J| d&,dé, (2.11)

The relevant strain tensor components can be arranged in a column-vector €, whose rela-
tionship with the displacement field is:

€11 0_x1 0
€ = € = 0 i t =Su = [ B® .. B® . BWw u(e) — B(e)u(e)
P sz Uy
Y12 -
i (9)62 (9)61 i

(2.12)
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where B = SN is built using Equation (2.9):

OND  ANO

— =Gji—— 2.13
axj jk aé:k ( )

The relevant stress tensor components can also be arranged in a column-vector o, and its
relationship with the strain vector is done through the general constitutive matrix D:

11 dy dp O €1
g = (%) = dll d12 0 €20 = De (214)
T2

0 0 ds Y12
where for plane strain (€33 = y13 = €3 = 0):

3 _ E(d-v)
di = dn = (1 +v)(1 = 2v)
Ev
dip =dy = m (2.15)
E
b3 = 5y TH

By changing d;; is possible to consider plane stress or orthotropy [50].
Consider a two-dimensional domain Q with boundary I' = 9 and thickness ¢. The
Principle of Virtual Work for 2D elasticity problems can be written in matrix form as:

Npi

f Se ot dQ = f su”bt dQ + f ou” tt dF+ZduiTp,- (2.16)
Q Q r i=1

where ¢ = 1 for plain strain, and ¢ is the real thickness for plain stress. The virtual field
is indicated as usual with the prefix ¢, b is the vector of body loads, t is the vector of
boundary loads, and p; is the i-th point load. Once discretized into elements, by using
the same interpolation for virtual and real displacements it leads to the classical local
equilibrium equation for a given element Q©:

K@u® — © = q© (2.17)

where the element-wise stiffness matrix K© is:

K© — f (B(e))T DOB®s dO (2.18)
Q)

the element-wise load vector f© consist of equivalent nodal forces due to body loads fl()e)
and boundary loads £:

£ = £ + £ (2.19)

and q© is the element-wise vector of equilibrating nodal forces. A body load b with the
same interpolation as the displacement field lead to the following equivalent nodal forces:

£ = f ) (N9) br de2 = [ f ) (N©) N dﬂ] b = Qb (2.20)
Qe Qle
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When a boundary load t is applied along I'®, the produced equivalent nodal forces are
obtained from:

ft(e) _ f (N(e))T t dF _ |:f (N(e))T N(be)l dr:| t(be) — Qibe)t(be) (221)
[(be) [(be)

where t is interpolated using a boundary element with N nodes:

t
t= [ NGO - NGO N(be)(Nﬁ,’e)I ] t® = Nbe)¢be) (2.22)
R

and N®® = N®O () being 7 the local curvilinear coordinate of the load element. The
load element is connected to the element by defining the coordinate &Y of the j-th node
of the load element, thus:

J=NEe

& = Z NG éfj) (2.23)
j=1

and:

J=Nge be)(j
% B dN®D) )

= G = g (2.24)
dp 4~ dy

dx; 0x; d¢; 7 g(be)

% = a_de_ﬂ =Jul] = J; (2.25)

dr = \JJ™ U dy = 1) dy (2.26)

The global equilibrium equation is obtained by establishing that the sum of all equili-
brating nodal forces balances the point loads:

Ku=f (2.27)

where f includes body, boundary and point loads.

For time harmonic analysis, displacements, stresses, loads, etc. can be expressed as
v(X,1) = v(Xx,w)e“. All the equations written above hold, although now the variables
are complex amplitudes v (X, w) which depend on the real circular frequency w. Inertial
forces due to the movement of the continuous distribution of mass can be included as a
body load b = —pii:

, . .
£O) = f (N<e>) piit dQ = 0 pQ e = W' M©ue™ (2.28)
Q@)

where M© is the mass matrix. Taking into account that the exponential terms cancel out,
the local equilibrium equation for time harmonic analysis can be written as:

(K© - M©)u® — 19 = ¥ = KOu® - = ¢ (2.29)

which is completely analogous to Equation (2.17).
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2.2.2 Element matrices differentiation

The basic semi-analytical approach consist in the numerical differentiation of the ele-
ment matrices by using finite difference formulas. This simple black-box procedure is
appropriate and leads to accurate results most of the times. It fails when dealing with
structural finite elements in shape sensitivity analysis [49, 17], especially with Euler-
Bernoulli/Kirchoff kinematics. There exist several ways to overcome this, but the pro-
cedures proposed by Olhoff et al. [49] are particularly general (solid and structural ele-
ments), accurate and robust.

Consider a shape design variable a which produces a design velocity field v, the partial
derivative of any field variable f with respect to a can be expressed as a function of v by
using the chain rule of differentiation:

or _ 0rox; _ of

da 0x; Oa B Oxjvj

(2.30)

where the Einstein summation convention is implied. The finite difference formula can
be applied to estimate d/da or 0/0x;:

O ~¥D[f,Ad (231)
of . 159 .97
o FD[f,Ax;| = 50 = o5, (2.32)

where in the latter case Equation (2.30) is applied in order to build the required d/da.
Although both methods are equivalent, there are differences in terms of robustness and
computational effort. The former is simpler and computationally cheaper, however is
unreliable because choosing an appropriate Aa is not straightforward. The latter is com-
putationally more expensive, but also more robust since a clear criteria based on the size
of the element can be used to estimate an appropriate value of Ax;. With this in mind, the
partial derivative of the element-wise stiffness matrix K© with respect to a can be written
as:

€ € (k) €
OK© OK® Ox; _0K®

da axi@ da ax§k> J

(2.33)

where v¥ is the design velocity field at the k-th node, and the summation convention is
implied for indices j and k. The same holds true for other element-wise matrices (QS),
nge), M®©, etc.).

Since the stiffness matrix is explicit for the linear triangle, see e.g. [50], its derivatives
with respect to the nodal coordinates can be easily calculated analytically by any computer
algebra system. These derivatives are rational polynomial functions of nodal coordinates,
where both are 4-th degree polynomials. Therefore, even for such a simple element, the
finite difference can provide only an approximation. The perturbation Axik) is chosen as
Axi.k) = D - Ah, where D is the diameter of the bounding ball of the element and A# is
a dimensionless perturbation. Using the linear triangle, a convergence study has been
performed for several finite difference formulas. Table 2.1 shows the RMS error between

analytical and numerical estimation of JK©/ 6x,(cj) for an equilateral triangle with £ = 1
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and v = 1/3. The dimensionless perturbation Ak behaves with the expected convergence
rate up to a point where round-off and truncation error start becoming relevant. Framed
cells show the minimum error and indicate the best value of Ak for each finite difference
formula. This criteria can be used not only for the stiffness matrix, but also for the load
matrices.

Ah=Ax"/D Forward FD Central FD 4P Central FD 6P Central FD

107! 4-107! 4-1072 2-1073 4-107*
1072 4.1072 4-10~* 2-1077 3.10710

1073 4.1073 4.107 2.1071

107 4.107* 4.107% 610712
1073 4.10° 4.10710 5-10711 7-107!
107 4.10° 7-10710 710710
1077 41077 4.10710 7-107 8107
1078 7-10°8 4-107° 7-10°8 7-10°8
107 5-1077 21078 4.1077 6-1077

Table 2.1: 6K©/ 8x,(<j) RMS error using several FD formulas (linear equilateral triangle)

Other linear triangles with aspect ratios up to 1/5 have been studied, and their be-
haviour with respect to A/ is a little bit worse. Despite high-order finite difference formu-
las can lead to almost exact results, it is achieved at the expense of evaluating the matrix
many times. Note that the computational effort is proportional to the the total number of
matrix evaluations, which is equal to the product of the number of nodes, the number of
dimensions, and the number of points of the finite difference formula.

Analytical differentiation

The explained basic finite difference approach is simple, easy to implement and applicable
to all kind of elements and design variables. However, its lack of accuracy when applied
to structural elements in shape sensitivity analysis and its high computational cost have
motivated researchers to find for better solutions. Olhoff et al. developed a semi-analytical
but exact procedure using inexpensive forward finite differences, being [49] probably their
most complete paper. In general, the strategy consists in performing the analytical differ-
entiation over the integrand and then decomposing it in order to find polynomial terms
that can be numerically differentiated exactly. In the case of solid isoparametric elements,
this procedure can be easily used to obtain an analytical solution (except for the numer-
ical integration). Next, this analytical solution is going to be described for 2D elements,
although the extension to 3D elements is straightforward.

For the stiffness matrix, the starting point is the derivative of Equation (2.18) once
the integration domain is transformed into the local space through the determinant of the
Jacobian matrix |J|. Then, taking into account that D© is symmetric, the derivative can
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be written as:

T
f () DB ] drsld.fz] }
Qe©

OK® 1 T A
—— B(e) D(C)B(e)t d
P 2{[ fg (89) I déidés | +
(2.34)
where:
" oB® 10
B© =2 1 oW B© (2.35)

ox® " Wox®

The difference between Equation (2.34) and Equation (2.18) is only B®, which even con-
tains several already calculated terms. Thus, relatively small additional effort is needed
with respect to the calculation of the stiffness matrix, only the calculation of B/ (9x5.k)
and 0J| /Bxy‘). By examining Equation (2.10), it is easy to write the derivative of J with

respect to xi.“ as:

ajlkl 511/3 aN(k)6 aN(k)6
| o e || e e | e N
3x§.k) 0Jr  0Jn ON® 5 AON® 8x§k> 0én " .
ax 9x® 0é> /! (3) 2
j j

By applying the chain rule, the derivative of the determinant can be written as:

O O
ax(.k) B aJmn 6)6(.]()
J J

(2.37)

where the Einstein summation convention is implied for both indices. From the definition
of the determinant in terms of its cofactors, it is clear that its derivative with respect to
each element of the matrix is:

al

57 = cofactor (J,,,), cofactor (J,,,) = (=1)"""minor (J, m, n) (2.38)

where the minor is the determinant of the submatrix obtained when removing the m-th
row and the n-th column of the matrix J. The inverse of a matrix can be expressed as a
function of its adjugate and its determinant:

G=J'= I;—Iadjugate @D = l;—l [cofactor (J,,,)]" = % [cofactor (J,,,,)] (2.39)
Gy = ﬁcofaotor (Jom) = gjgl =|J| G (2.40)

Therefore, Equation (2.37) can now be written as:

alJl  alJ] oON® a|J| oN® ON® ON®
Jl _ ol _dl e _
0é,, 0x;

J

Ox®  Odyn 0w " Oj O,

(2.41)
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which is composed by terms already calculated. The derivative of B© with respect to xi.k)

can be written as:

9B© 9B 9B GBM)
_ e —— (2.42)
Gxi.k) ﬁxi.k) 8x§k) (9x5.k)
where with the help of Equation (2.13):
[ ON®
@) 9
oBY 9 ON®
ax®  gx® 0 0x; (2:49)
j j : :
ON®D  AN®
| Ox,  Ox
0 (ON© _ 0G,, ON® 5 44
ox0 \ O, - oxt0 &, (249

The derivative of G,,, with respect to x ) is difficult to compute directly. Instead, from the
identity JJ' = JG =1, it can be Wntten as:

a3 . G 9G o1 . G . dJ,
ax0 o g =07 5w = TEm e = g = Oy w O 24

where substituting Equation (2.36) and considering Equation (2.13):

0G ON® AN® ON®
= _Gmr—éstsn = _Gmr—Gjn =T
6x§.k) aéj ro aéjr axm

Gin (2.46)

Substituting this last result into Equation (2.44) and considering again Equation (2.13):

0 IN® ON® 0 N(i) a N® GND
()- (2.47)

Gjn
0x0 \ O, 0x, O, Ox, Ox;

which is a simple product of terms already calculated. The substitution of this result into
Equation (2.43) allows building the matrix 9B /dx"” defined by Equation (2.42).
(e

For the body load matrix (and mass matrix), one has to consider the derivative of Q
(Equation (2.20)) once the integration domain is transformed into the local space:

8Q§’e) ©) N© 9\l @) N©
o " [ vy Ner g 96106 = [ vy N |J| ddé,  (248)

where Equation (2.41) has been used. For the boundary load matrix, the same procedure
is followed, the derivative of Qibe) (Equation (2.21)) can be written as:

c?Q(be) | (be)|
— (e) (be)
(9x§.k) B \];(be) (N ) N —— ox (/k) dn (2.49)
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where 9 |J (be)

/ (9x5.k) can be calculated considering equations (2.25), (2.26) and (2.36):

03¢ ~ J;.be) ON®

PR T T .50

These analytical solutions has been checked against the basic semi-analytical ap-
proach with finite differences, except for the linear triangle which has a explicit analytical
solution. When comparing the solution by finite differences against these analytical solu-
tions, the same rates of convergence and optimum values of Ak as those shown in Table
2.1 are observed as expected. As an example, Table 2.2 shows RMS errors for the cal-
culation of the stiffness matrix derivative of a quadratic triangular element (equilateral,
E=1,v=1/3).

Ah=Ax/D Forward FD Central FD 4P Central FD 6P Central FD

107! 3.107! 71072 9.1072 4.107!
102 21072 7-10° 3107 4.10°8
1073 21073 7-107 310710
107+ 2. 107 7-1078 9.10°1
1075 2107 7-10710 910712 910712
1076 2107 8- 107! 9.107!!
1077 2107 6-10710 9.10710 9.10710
1078 7-107° 9.107 9.107
1079 1-107 610 810 9107

Table 2.2: IK©/ 8x§(j ' RMS error using several FD formulas (quadratic equil. triangle)

In summary, two approaches have been shown with their own advantages and dis-
advantages. The classical semi-analytical approach using finite differences is easy to
implement and accurate for any element, except for Euler-Bernoulli/Kirchoff structural
elements. However, it is computationally expensive, and an appropriate selection of the
perturbation is needed, which depends on the finite difference formula and the required
accuracy. The analytical approach gives exact results with minimum computational cost
at the expense of the effort required to obtain and implement the formulation. At least for
solid isoparametric elements, the resulting formulation is simple and its implementation
is straightforward.

2.3 Validation example

Analytical solution

Consider an elastic two-dimensional rectangular domain Q with the geometry and bound-
ary conditions that Figure 2.1 shows. The domain Q has a density p, shear modulus u and
Poisson’s ratio v. Despite being a two-dimensional domain, boundary conditions lead to a
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A l/l2=0, tj=0
Q Q (@) Q (@) [@) [@)
e
-
e
M]—O —> t]:P
L=0 H | | =0
e
>
Q0
e X
(@) (@) (@) (@) (@) (@) (@) >
Lt2=0, t1=0
L

Design velocity field: v;(x)=x/L, v,(x)=0
Figure 2.1: Problem layout
one-dimensional behaviour. The solution of the time harmonic elastodynamic governing
equations consists of two waves travelling in opposite directions along x;:
uy (x;) = Ae™*¥1 4+ Betn (2.51)

where A and B are the amplitudes of the waves, k = w/cp is the wavenumber, w is
the circular frequency, and cp = /(4 + 2u)/p is the P-wave propagation speed. Once
boundary conditions are considered, the displacement u; and stress o7j; can be written as:

P sin kx;

(2.52)

uy (x)) =
() pcicoskL  k

011 (xl) = COS kx1 (253)

cos kL

If L is taken as the shape design variable with a design velocity field v = (x/L,0), then
the sensitivities are:

P ([ sinkL 1 x
0 = —|——sinkx; + ——— k 2.54
i () pct (0052 kLT CoskL L °° xl) 2:54)
sin kL 1 x .
60'11 (.Xl) = Pk(cos2 L CcOS kX] - mz Sin kxl) (255)

where 6 = d/dL = 0/0L + (0/0x;)v; is the simplified notation for the field variable
sensitivity (or material derivative).

FEM solution

This problem is solved numerically by using the FEM-DDM where the derivatives are
calculated with the analytical procedure explained in the previous section. The domain
is considered to be a square with side length L, and is meshed using different element
sizes (L/4, L/10), different topologies (structured, unstructured), different element shapes
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Figure 2.2: Meshes with L/4 and L/10 element sizes, structured/unstructured topology
and triangular/quadrilateral elements.

(triangular, quadrilateral) and different element order (linear, quadratic), see Figure 2.2.
By doing so, i and p convergence can be checked for triangular and quadrilateral meshes
with structured or unstructured topologies. Poisson’s ratio is assumed to be v = 1/4.
Dimensionless frequency ay = wL/cp is used, which varies between 0 and 3 for linear
elements, and between 0 and 6 for quadratic elements.

The design velocity field v is assigned to each physical node by defining a design mesh
(auxiliary mesh) connected to the physical mesh by position, i.e. the so-called free-form
deformation approach (see Section 1.4). The geometry and the design velocity field are
interpolated similarly (isoparametric):

x = Ny (2.56)
v = Ny (2.57)

Given a physical node i with position x” and design velocity v, located within a design
element, its design velocity field is calculated as:

x = N@e (§(i)) x(9e) (2.58)
v = N@o (f(i)) yde) (2.59)

where £ is the local coordinate of the physical node i within the design element. The
connectivity between all physical nodes and the design mesh and the calculation of v
are done just one time as an initialization stage in the solver.

The complete design velocity field is defined by a design mesh containing only one
4-node quadrilateral element covering the domain €2, and appropriate values of v are
assigned to the four nodes in order to define v = dx/JdL = (x;/L,0), see Figure 2.3 (Left).
In order to reduce computational cost, instead of using the complete domain deformation,
only boundary nodes that produce a change in the shape can be used in the deformation
field. The change of the shape of the domain remains exactly the same, however the
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Figure 2.3: Physical mesh and design mesh. Left: complete design velocity field. Right:
boundary layer technique.

design velocity field becomes less smooth as the design velocity is assumed null in other
nodes. This approach is called boundary layer technique. In our example, this can be done
by defining a design mesh with just one 2-node line element covering the right boundary
(x; = L, x, = [0, L)), see Figure 2.3 (Right). Note that both design velocity fields lead to
the same sensitivities only on the right boundary (x; = L), but not at other points.

Figures 2.4 to 2.7 show normalized displacements and displacement sensitivities, and
their relative errors, at the point x = (L, L/2) for all the meshes using the complete design
velocity field. Figure 2.8 shows the displacement sensitivity errors at x = (L, L/2) for all
meshes using the boundary layer technique.

Given that the same mesh is used for the whole frequency range, the error increases
with the frequency because the number of elements per wavelength decreases. As ex-
pected, the error levels are similar between displacements and displacement sensitivities
for the same element size and order. This is not the case for unstructured meshes when
using the boundary layer technique, although the error levels are acceptable. Some unac-
ceptable error peaks start to appear in all cases when the number of elements per wave-
length is less than 8-10 for linear elements, and less than 4-5 for quadratic elements.
These peaks in the numerical solution can be mitigated by using a small damping in the
system.

Convergence and robustness are clearly observed by comparing these graphs. There-
fore, it can be said that the formulation and the implementation have been correctly de-
veloped.

25



[ul/lustate]

Error of lul/lus€| [9]

[ul/lustate|

104

102

—
(=]

100

__._.,___.
R G
= Y T S S

L | e T | B B

(=)
—

a

NS s

T

(=)
—

a

W

|Sul/Iustatic|

Error of 16ul/I&ust?tic| [%)]

104

L I | B

L/10 element size

Analytical

ol e el

T

o

a

2

W

AR R

L/10 element size

Str., tri3

| = Unstr., tri3

—— Str., quad4

| — Unstr., quad4

ol e ke ke N

a

Figure 2.4: Linear elements with L/4 size using complete design velocity field

10*
103
102
10!
10°
107!
102
103

Figure 2.5:

o
—

A

a0

W

1Bul/1Gustate|

Error of 15ul/I&ustti€| [%)]

26

104
103
102

W

7 Analyticél ]

(=)

A

2

Str., tri3
Unstr., tri3
Str., quad4
Unstr., quad4

a0

i

Linear elements with L/10 size using complete design velocity field

W



10% 10%
103 £ 103 £
102 £ 10
Z 10 F %10
E] ! 's) !
S 1008 S 1007
L 19 L N N N N N 4
10! F 10! F S SRR 5
2L 2L e ]
o R [—— Awyiaa |
103 ¢ 103 i i i ]
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a9 a
10% ¢ 102 ¢ T
S 10! 3 = 10! 3
=100 F g 100 F
] L = L
g 10" 107! F
3107 F 3107 ¢ v :
5107 F g 103 £ ——— Str., tri6
g 10_4 L g 10_4 ¥ —————— Unstr., tri6
m 5 if =) 5 Str., quad9
10 =10 : —— Unstr., quad9
10 106 I | | I i
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a9 a

10* 3 F 3
10° F . - ]
102 F i - - ]
gk ] £ I ]
:§ 101 F 3 % £ —
20 1 38 , , , , , ]
10 F S - = P g
2 L 2 L OSSR SOOI SOVt SOOI
o TR [ Al ||
10—3 L 1 | 10_3 C i i i 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a9 ap
102 ¢ 5 102 ¢
< 100 F = FI0F
IS L ] e r
=100 4 g 100
s 10l F ol
= + L
3102 F S10?2F . :
51073 F Q93 J—— str., ti6
S0 F g 104 E | ——— Unstr., tri6
E 5L =} s Str., quad9
107 F M 107 : : S — Unstr., quad9
10—6 10_6 i i i I I
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a0 a

Figure 2.7: Quadratic elements with L/10 size using the complete design velocity field

27



Error of [Sul/Idus4€| [9]

Error of 15ul/I&usttic| [%)]

L/4 element size

Str., tri3
Unstr., tri3
Str., quad4

| — Unstr., quad4
I
2

10° ‘
0 1 3
a9
10% ¢
10! £ 1
100 4
10! F
102 L/4 element size i
1073 Str., tri6 H
104 ——— Unstr., tri6 |
5 —— Str,, quad9 |
10° | — Unstr., quad9 E
10 ‘ ‘ :
0 1 2 3 4 5 6
a9

Error of 15ul/I&ustti€| [%)]

Error of 15ul/I&ustti€| [%)]

L/10 element size

Str., tri3
Unstr., tri3
Str., quad4

| ——— Unstr., quad4
I
2

Figure 2.8: Sensitivity errors when using the boundary layer technique

28

0 3

a9
H L/10 element size

Str., tri6 H

——— Unstr,, tri6 ]

—— Str,,quad9 |

F —— Unstr., quad9 E

C | I I ]

0 3 4 5 6
a9



Chapter 3

Shape sensitivities using the Boundary
Element Method

3.1 Introduction

As seen in the previous chapter, sensitivity analysis can be done more or less straightfor-
wardly with the Finite Element Method (FEM) by differentiation of the discretized equa-
tions, and then calculating the derivatives in an approximate manner by finite differences
(semi-analytical approach) or exactly by analytical differentiation where possible. As it
is well known, the FEM is not naturally adapted to the analysis of unbounded regions. In
this case, the Boundary Element Method (BEM) is a more appropriate numerical method.
Furthermore, the BEM only requires the discretization of the boundary of the domain,
1.e. the shape of the body, thus it perfectly fits with shape sensitivity analysis and opti-
mization. On the other hand, the BEM is considerably more involved mathematically and
numerically than the FEM.

Although less common than the FEM, the application of the BEM to sensitivity anal-
ysis is an active research field that started in the early 1980s. Barone et al. [11] applied
a special form of the BEM to the optimal arrangement of holes in a two-dimensional do-
main. Meric used the BEM with the Adjoint Variable Method (AVM) in order to study
heat transfer and mechanical behaviour of solids [44, 45, 46]. Mota Soares et al. [55]
applied the BEM to optimal shape design for minimum compliance. Kane et al. [38]
used implicit differentiation of the discretized equations for plane elasticity. Barone et al.
[12, 13] used the material derivative over the Boundary Integral Equations (BIE), includ-
ing the Hypersingular (stress) BIE (HBIE), for three-dimensional elasticity. Aithal and
Saigal [3, 4] applied the AVM and the material derivative to obtain the shape sensitivities
for thermal and elasticity problems.

Besides being useful by itself or for shape optimization, shape sensitivity analysis us-
ing the BEM fits particularly well with inverse problems. Mellings and Aliabadi [42, 43]
used the BEM and the Dual BEM for identification of cavities and cracks on potential
and elastic problems. Also, Nishimura and Kobayashi [47] developed a BEM formula-
tion for identification of cracks with complex shapes. Bonnet [18, 19, 22, 23] covered
almost all aspects of shape sensitivity analysis using the BEM and a rigurous mathemati-
cal treatment. In particular, Bonnet [20] proved that material differentiation formulas for
regular integrals still hold true for strongly singular and hypersingular integrals, which
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demonstrated that material differentiation can be applied to non-regularized as well as
regularized BIEs. Gallego, Rus and Suarez [33, 32, 51, 52, 53] used the BEM for cavities
and crack identification on potential and elastic problems using a free-form approach for
the flaw parametrization, and a sensitivity BIE derived from the Taylor’s expansion of the
shape perturbation. In the present work, the latter approach is used to obtain the sensitivity
or variation BIE (6BIE) which is the fundamental ingredient to build the BEM for sensi-
tivity analysis. It is esentially similar to applying the material differentiation formulas to
the BIE.

The chapter is organized as follows. In Section 3.2, several geometrical aspects, the
discretization scheme and the notation that will be needed in the rest of the chapter are de-
scribed. From Section 3.3 to 3.6, the Singular BIEs for sensitivity analysis are developed
for Laplace, Helmholtz, elastostatics and elastodynamics problems, respectively. Last,
Section 3.7 shows the validation of the presented formulation and its implementation.

3.2 Generalities

The superscript i over a symbol O representing a position vector, unit normal, field vari-
able, etc., i.e. O, is used to indicate if the object is associated with the collocation point,
rather than with the observation point. It is not an index, thus no summation is implied
for it.

Let Q be a region in R? with boundary I' = dQ whose orientation is defined by the
outward unit normal vector n = (n, n). Following the usual convention, the orientation
of I' can be equally defined by the unit tangent vector t = (#1,%,) = (—ny,n;). Consider
a boundary element ® C I with N® nodes, then any point x of the boundary element is
described by:

Xj= ¢px;-f) (3.1)

where j = 1,2 is the coordinate index, p = 1,... ,N,? is the node index of the boundary
element, xj‘.f; is the j-th component of the position vector of the p-th node, ¢, = ¢,(¢) is
the shape function of the p-th node, and ¢ is the local curvilinear coordinate. The trans-
formation between the local curvilinear coordinate and the global cartesian coordinates is
governed by the Jacobian vector J:

ox: d
= aié; _ %xﬁ (3.2)
dr = \T,7;dé = |J] dé (3.3)

where summation convention is implied for j. Thus, the unit tangent can be calculated as
t = J/|J] and the unit normal n = (%, —#;).

For first-order shape sensitivity analysis, the region Q = Q(a®) is perturbed with re-
spect to a given design velocity field v = v(x, a°) that is produced by a design variable a
when a = a°, see Figure 3.1. The following linear mapping builds the perturbed domain
Q from the reference domain Q = Q(a°) for a small variation of a around a°:

X

X+V (a - aO) (3.4)
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Figure 3.1: Taylor’s expansion of the shape parametrization

The design velocity field acts basically as a displacement field, thus a constant design
velocity field throughout the domain does not produce any shape variation. It can be
easily seen that a material vector w, i.e. a vector whose origin and orientation are sticked
to a point, follows this linear mapping [21]:

w; =w; + Vi, jW; (Cl - CIO) (35)

where the comma notation for derivatives with respect to x is implied. The following
notation is going to be used for the vector sensitivity (or vector material derivative):

6W,‘ =V jW; (36)
Thus, the linear mapping of the vector length is:
W = WiW; = Wiw; + Wiy jWw; (a - ao) =w+ow (a - ao) (3.7)

where only linear terms are retained, and summation convention is implied for i and ;.
With this in mind, the linear mapping of an infinitesimal part of the boundary dI' is easily
obtained by using the length variation of the unit tangent considered as a material vector:

dl' = dl + fyv;jt; dT (@ —a°) = dT + 67 dT (a - a”) = (1 +6J (a—a°)) T (3.8)

The unit tangent and normal vectors are not material vectors. The unit tangent is only
material with respect to orientation, and the unit normal is completely dependant on the
tangent plane. Hence, the linear mapping of the unit tangent is similar to that of a material
vector but substracting the length increase:

lTi =1+ (Vi,jtj - tkvk,jtjti) ((l - ao) =1+ (V,"jtj - 5.]1‘,') ((l - ao) =t;+ 0t ((l - ao) 3.9

The variation of the unit tangent 5t can only be perpendicular to the unit tangent t. Hence,
it can further be simplified to:

ot; = Vit — oJt; = otin; = nyijit; = otmn; = ot; = NNV it j (3.10)
The linear mapping of the unit normal is obtained by rotation of that of the unit tangent:
eijfj = Eijtj + E,'jél‘j (a - (10) =n;, =n;+on; ((l - ao) (311)
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where € is the two-dimensional Levi-Civita symbol, and then 6n; = —t;nvy jt;.

The design velocity field v = v(x, a°) throughout the domain is defined by using a de-
sign mesh (auxiliary mesh) connected to the physical mesh by position, i.e. the so-called
free-form deformation approach (see Section 1.4). The geometry and the design velocity
field of a design element ¥ C Q with N¥ nodes are interpolated similarly (isoparametric):

Xj = Ygx; (3.12)
Vi =gy (3.13)
where ¢ = 1,..., NY is the node index of the design element, and x;.I; and v]‘.{; are the j-th

components of the position vector and design velocity field of the g-th node, respectively.
The element can be a one-dimensional or a two-dimensional element, i.e. shape functions
can be ¥, = Y (n) or ¥, = Y,(n1,1m2), respectively. In general, they can be written as
Wy = Yy(m). As it will be seen later, shape functions () only appear in the calculation
of the integrals. Thus, for an integration point i with position vector X located within a
design element P, the calculation of the local curvilinear coordinate 5 is required:
n® such that x¥ = y, () x}, (3.14)

which can be done by a simple iterative minimization algorithm (convergent if x € P).
The connectivity between the physical mesh and the design mesh is built in the initializa-
tion stage of the solver, allowing a good initial guess for the minimization algorithm.

Strictly speaking, the design velocity field must be at least continuous throughout the
domain, i.e. C°, otherwise it breaks the domain. Hence, the design mesh should fill the
whole domain, should be conforming, and only elements with the same dimension as
the ambient space should be used. However, for shape sensitivity calculation using finite
elements, the design velocities are required only at the nodes of the finite elements. Thus,
neither the design mesh must fill the domain (by default a null design velocity field can be
assigned to physical nodes not connected to the design mesh) nor the elements must have
the same dimension as the ambient space. This fact justifies using the boundary layer
technique as a way to reduce the computational cost (elements with null design velocity
fields have null matrices derivatives with respect to the design variables) at the expense
of a moderate but acceptable error increase in unstructured meshes (see Figure 2.8). As
it will be shown later in this chapter, for shape sensitivity calculation using boundary
elements, the design velocity field at the collocation point must be at least differentiable,
i.e. C'. The same strategy as with finite elements can be followed, although, in that case,
a computationally expensive non-nodal collocation is required. In order to use nodal
collocation, an element with the same dimension as the ambient space must be present at
the collocation point. More details about these issues will be given later in this chapter.

As shown above, the calculation of the gradient of the design velocity field is needed.
For a point located at a design element ¥, it means that the derivatives of shape functions
with respect to the global coordinates are required:

Vij = UiV (3.15)

If the design element is a one-dimensional element, then the shape functions are ¢, =
,(€), and their derivatives with respect to the global coordinates are:

Wy _ i Wy

= — 3.16
ox; |JP* 0¢ ©.16)

Waj=
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where the Jacobian vector is:

_an_%q,

;= e = o X (3.17)

If the design element is a two-dimensional element, then the shape functions are ¢, =
Wqe(€1,&,), and their derivatives with respect to the global coordinates are:

oy, oy,
=9 G, 4 3.18
lr//q, J axj jk (9 fk ( )
where G = J~! and the elements of the Jacobian matrix J are:
8Xk (qu Wy
Jip=——=—x (3.19)
J 86} afj kq
The linear mapping corresponding to a field variable u is:
- ou Ou
it = u+6u(a—a0) =u+ (6_61 + 3_ijj)azao (a—ao) (3.20)

where the sensitivity ou can be evaluated using the expression shown above only when u
is explicit, as in Section 2.3. When used in the FEM or BEM sensitivity analysis, ou is a
degree of freedom. Field variables and their sensitivities are interpolated using the same
shape functions as the geometry, hence an isoparametric boundary element representation
is considered. For a vector variable u:

uj = gpuy (3.21)
Suj = ¢pou (3.22)
where p = 1,..., Nflb is the node index of the boundary element, and ujc;; and 5u;-g are the

J-th components of the vector variable and its sensitivity of the p-th node, respectively.

3.3 Laplace problem

A problem governed by the Laplace equation is considered. The potential (primary vari-
able) is denoted by p, while the flux is the potential derivative in the n direction (secondary
variable) and is denoted by ¢ = Vp - n.

3.3.1 OSBIE for non-boundary collocation points

The Singular BIE (SBIE) for an interior or exterior collocation point with respect to the
reference domain € can be written as [29, 51]:

5 i+f . dl"—f igdr, & = bXEQ (3.23)
Qp qp - pq ’ Q — O’X1¢QUF .
T r
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1
p'=——Inr (3.24)
2
. 11
Pj==5 70 (3.25)
1 10r
w oo, - 29 3.26
4 =P _ 2w r on ( )
r=x-x| (3.27)

and x and x' are the observation and collocation points, respectively. Likewise, for the
perturbed domain €:

5i~i+f~*~df—f~*~df 5o LX e (3.28)
aP ~CIP —~PCI s o= O,Xiﬁﬁuf‘ .

r r
As seen in the previous section, the relationships of geometrical objects and variables be-
tween the reference domain € and the perturbed domain Q are given by linear mappings:

p=p +6p (a - ao) (3.29)
p=p+dp (a — ao) (3.30)
pi=pj+op;(a-a°) (331)
ﬁj:nj+6nj(a—ao) (3.32)
q=piij=q+ (pJ(Sn + 6pJnj) (a - ao) =q+ (‘5q(a - ao) (3.33)
df' = [1+6J(a-a")| dr (3.34)

where (a — a®)? terms have been disregarded. Since the shape parametrization does not
change the topology of the domain, i.e. an interior (or exterior) point remains interior
(or exterior), then 6}2 = (519. The fundamental solution p* depends on the observation and
collocation points p* = p*(x, x'), hence its linear mapping must be built from the Taylor’s

expansion with respect to both points:

Lo NV N Y
pr=p+ 6vaj(a_a )+ axijvj(a—a ) =p +pJ(vj—vj)(a—a ) (3.35)
where O; = d0/dx; = 00 /(?xij holds for any fundamental solution and its derivatives

since x and x' only appear inside of terms depending on the distance vector r = x — X'
Furthermore, from the linear mapping of observation and collocation points, it is possible
to write:

(3.36)
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where it is obvious that r — 0 as x — X, i.e. or = O(r). This important fact is used
later to study the integration of the SBIE for collocation points located at the boundary.
Therefore, p* can be written as:

p=p"+pior; (a - ao) =p'+op" (a - ao) (3.37)
The linear mapping of §* is built by using the linear mapping of its components:

q = pin; = [Pj} + DO m (a - ao)] [nj + 0n; (a - ao)]

=q" + (pj‘jénj + pj}mérmnj) (a - ao) =q"+4q" (a - ao)

where only linear terms are kept. Note that p’,  is obtained differentiating Equation (3.25):
11
2rr?
where ¢;; is the Kronecker delta. Last, substituting all these linear mappings into Equa-

tion (3.28), keeping only linear terms (a — a°), substracting Equation (3.23) from it, and
dropping out (a — a°) terms, give the sensitivity SBIE (or SBIE):

(3.38)

Djm = (6jm — 2rj7m) (3.39)

5,0p' +fq*6p dF+f(5q* +q*6))p dl = fp*(iq dF+f(5p* + p*6J)q dI' (3.40)
T T

r Tr

The first and third integrals are analogous to the integrals of the SBIE, except that instead
of p and ¢, their sensitivities op and dg appear. The second and fourth integrals are new
integrals that depend on p and g, hence only once the zero-order solution is known they
can be evaluated. Since the integration domain I' does not contain the collocation point,
all integrals are regular but nearly singular if the collocation point is close to I'.

3.3.2 OSBIE for boundary collocation points

The 6SBIE presented in Equation (3.40) is valid only for interior or exterior collocation
points. In order to obtain the §SBIE for boundary collocation points (x' € I), it is possi-
ble to perform the integration of Equation (3.40) but along a modified path avoiding the
collocation point:

T = lim [(r - ei) + ri] (3.41)

e—0t

where € is the radius of a circular arc I'' that substitutes a neighbourhood €' of the col-
location point on I'. As seen in Figure 3.2, this limiting process can be done from the
interior (cSiQ = 1) or from the exterior (51Q = 0), both leading to the same final result. In
the following, the former is used:

Sp' + lim f g*op dI' + lim f g*op dI' + lim f (6q" + q*6J) p dT’
- r e
+ Elirél+ Oqg"+q*6))pdl = Elirél+ fp*éq dr + Elircr)l fp*éq dr
ri I ri
+ Elirél+ f(ép* +p o)) g dl + Elir(r)l+ f(ép* +p*oJ)gdl (3.42)
e

r-é
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AG* = 27 — AG™

Xi

xi
@> I‘ - 02 I' — 0,
0' ‘s

Figure 3.2: Integration path near boundary collocation points. Left: from the interior.
Center: from the exterior. Right: criteria for angles 6, and 6,

Integration over I''  In order to evaluate the integrals along I'', a polar system of coordi-
nates (¢, 0) centered at the collocation point and oriented counterclockwise is considered.
The polar angle 6 is in the domain 6, < 6 < 6,, where 6, and 6, are shown in Figure 3.2.
The main geometrical terms along I'" are:

X =0 (3.43)

X = (€cos b, €sin 6) (3.44)
r=x,r=c¢ (3.45)
rj=rjlr (3.46)
nj=rj, n=(cosd,sinb) (3.47)

ti = gn;j, t = (—sinf,cosb) (3.48)
orfon=rn; =1 (3.49)
ity =0 (3.50)
dl' = e dd (3.51)

where g; is the two-dimensional Levi-Civita symbol. The evaluation of the first integral
over I'' of Equation (3.42) gives:

()
1 1 :
lim | ¢*6p dl' = —— lim —1(6p1+0(e))ed9:—
2 €

e—0* JT e—07
Ii o1

6, -6, _ . AG
2 lép‘ __

op' (3.52
2 2 P )

where a simple zero-order expansion dp = dp' + O (¢) is required. The second integral
over I'' is:

hmf((‘iq +qoJ)pdl = hmf 1 6nj+me6rmnj+q6J)de

1
- _ﬂ elg(r)1+ [—njén] 5]m - 2njnm) Ormn; + ij

(P +0(e)eds (3.53)

where a zero-order expansion p = p' + O (€) is used. In order to evaluate the integral,
expansions of several terms of the kernel around the collocation point are needed. For the
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sensitivity of the unit normal 6n;, a zero-order expansion is required:
onj = —tjn,v, i + O (€) (3.54)

Likewise, for the sensitivity of the boundary length 6/

6] =ty ;t; + O (€) (3.55)
For the design velocity field, however, a first-order expansion is required:

Vi =V + v,in‘i(xj - xij) + O(rz) =V + vinJrJe + 0(62) (3.56)
and hence:

Ol = Vi — V. = vﬁn‘]-r‘je + 0(62) (3.57)

Therefore, since the gradient of the design velocity field at the collocation point v, ;18

required, the design velocity field must be differentiable, i.e. v(x') € C!. Substituting
these expansions into Equation (3.53) leads to:

6 6
. * * 1 i i i i
EILI(I)l+ Oqg"+qg*o))pdl' = 7 [fnmnj de — ftmtj d@) VD = byivi Pt (3.58)
ri 6, 01

i
where b}, is:

( i )_ 1 ( sin26, —sin20,  —(cos 26, — cos 26;) ) (3.59)

M)~ 4x\ —(cos26, — cos26;) —(sin26, — sin26;)

which is null if the collocation point is located at a smooth point of the boundary, i.e
I'x)ecC!' = binj = 0. The third integral over I'' is null:

0>
1
fim f p*6q dT = ——6q(lim eln e)[ f d@] ~0 (3.60)
e—0* 2 e—0*
i

01
where 6g must be bounded. The fourth integral over I'' is also null:
0>
1 1.
lim | (6p" + p*6J)q dI' = —— lim (—nmv;n €n; + (Ine) 6]) gedd =0 (3.61)
e—0* 2m e-0* € !
ri 6

where ¢ must be bounded. Substituting all these results into Equation (3.42) gives:

cop' + bl vi, ' + lim f q'op dT + lim f (6q" +q*6J) p dT’
= I'-el

= lim | p*dq dl + lir(l)l+ f(ép* +p*6J)q dI' (3.62)

e—0*
| el

where ¢' = AG™ /2 is the free-term similar to that of the SBIE, and b’ j 1s a new free-term
appearing in the 6SBIE. The integrals over I' — ¢' are at most strongly singular, and their
evaluation requires additional work.

37



/o xfr
X
X
x before x! x after x!
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on r on

Figure 3.3: Limiting behaviour of geometrical vectors around the collocation point

Integration over I’ — ¢ The evaluation of the integrals in Equation (3.62) can be per-
formed in different ways, from a pure analytical approach (doable for straight elements) to
a pure numerical approach using special quadrature formulae (Kutt’s quadrature). In this
work, an analytical regularization leading to at most weakly singular integrals is applied
before any numerical integration is done. By doing so, only regular and weakly singular
integrals are numerically managed, which are easily tractable and controllable.

The integrands are composed mainly of geometrical terms and field variables, thus
their behaviour near the collocation point must be studied. The behaviour of the relevant
geometrical terms is illustrated in Figure 3.3. The field variables are at least bounded, and
hence p, g, 6p, 6q are O(r°). The first integral of Equation (3.62) is regular:

1 1 or

H=lim [ ¢'épdlisregular =~ ¢"'=-— = — =0() (3.63)
e—0* 2r r  On
Il ——— ——
o(r1) o(r)
The third integral is weakly singular:
1
G = lirgl p*oq dI' is weakly singular " p* = ~5r Inr =0(nr) (3.64)
e—0* T
el
The fourth integral can be split into two parts:
6G = lim | (6p"+p"6J)q dl = G + 6G’ (3.65)
el
where:
SGR = lim | 6p*q dI'isregular - p* = p; or; = O(ro) (3.66)
e—0* . ——
I'-et 0(,,-1) O(,l)
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J _ . * . . .. * _
oG = 611)1})1 f p 6Jq dI' is weakly singular = p 6J =0(nr) (3.67)
e O(nr) O(r)

The second integral can be split into three parts:
6H = lim (p7j0n; + Plurun; + q'6J) p dT = 6HN + 6H® + 6H' (3.68)
e

where:

SHN = 6lggl+ p'ion;p dU is strongly singular “-  p’, 6n; = O(r_l) (3.69)
¢ o(rt) o)

SH® = lim PinOrmn;p dI is strongly sing. . p%, or, n; = O(r‘l) (3.70)
——

e—0* ‘ —— S~
-l o(r?) o(r') o()
SH' = Elg(l}+ g'6Jp dlisregular = ¢* 6] = O(ro) (3.71)
I—el O(ro) O(ro)

Therefore, SH" and SH® require further treatment. H™ can be regularized by substracting
and adding the limit when r — 0O of a part of the integrand:

= ZT 611)1(1)1+ f =7 jt Ny Vi lip dI' = —ﬂ 611)%1 f 8anvm ep dI

I'—e!

e—0*

1. 1 or -
= 2—ﬂ[hm f T (nmvmktkp nmvmktj(p) dF+nmvmkkp hm f dr} (3.72)

et I'-e

leading to one regular integral and another integral f 1/r dr that can be solved analyti-
cally. For 6HR, first, it is necessary to expand the integrand:

(‘5[-]R = —%T Elirg f % (5jm — err,m) (Vm - V]m) n;p dr

el
L. 2 Or 1 i
T2 leli%l f 2 on (vir = Vi) rinp AT = Lim | (v = v},) nwp dT| (3.73)
I-¢ el

which gives one regular integral and another strongly singular integral. Then, taking into
account that:

Vi = V4 vjw.rj + O(r2) = V=V, —Vor = O(r2) (3.74)

m m,j
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and adding and substracting v!, it

2 2 on e—0* r2
el ¢l

5HR_ileli%1+fzar(v - ) p dl = lim l(vm—v;—v;‘jrj)nmpdl“

) 1,
— lim ;sz,-r,jnmp dI'| (3.75)

e—0"
I-el

a new regular integral and a new strongly singular integral appear. By checking out Figure
3.3, it is easy to see that:

rj= (gr) t;+0(r) (3.76)

which can be used to add and substract a part of the integrand of the strongly singular
integral:

2 2 on e—0* r2
| = | =

6HR:illi%l+f3ﬂ(Vm_ ) p dC = lim l(vm—an—an,j”j)”mpdr

; 1 . (or\ 1({or\
— lim p [Ver,/nmP ((91") tnmp) dr — nm mw hm ;(8_1") dr

e—0* e—0*
e el

(3.77)

leading to a new regular integral and another strongly singular integral. Finally, by adding
and substracting the limit of dr/01" when r — 0 leads to:

1 2 0r : 1 o

R— — 11 [ — _ - I B )

OH" = o lim f 2 an (Vm v ) rpp dI' — lim 3 (Vm Vo= J-rj) n,p dl
Ir-é el

im [ L]y i (o 1((or\ o

_Eli)r(l)l ; (VerJnmp (ar) f l’lmp ) dI'- I’lm mJ ] 611)1‘(1)1r | ; [(a_l") — 0_1") dr

I-el el

e—0*

1
pivh gt lim [ = dr] (3.78)
r
Ir-é

which is a set of regular integrals and an integral f 1/r dr analytically solvable. It must be

noticed that terms involving the integral f 1/r dr cancel out when 6H is evaluated using
Equation (3.68).

3.3.3 Discretization, collocation, numerical integration and solution

The boundary I' is discretized using a set of Ny boundary elements: ' = szllv"e(l)i where
®;, N P; = @ wheni # j. As explained above, the discretization is performed using
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Figure 3.4: Possible positions of a boundary element throughout a design mesh

isoparametric elements. For a given boundary element ® with N nodes:

) PR
Geometry: x; = ¢,x;,

. (3.79)

Variables: p = ¢,p%, q = ¢,q%. 6p = ¢,0p), 6q = ¢,64,
where p = 1,...,N? is the node index of the boundary element. The design domain is
discretized using a set of N4, design elements: YT = U;zllv“e‘}‘i where ¥; N'¥; = @ when
i # j. For a given design element ¥ with N¥ nodes:

Geometry: x; =y, X (350)
Design velocity field: v; = y, v

where ¢ = 1,...,N! is the node index of the design element. In the following, the
indices p and g are exclusively related to node indices of boundary and design elements,
respectively, and any other index is related to a coordinate index.

It was shown in the previous section that the collocation point X' must be in a point
where v(x') € C'. Figure 3.4 shows a design mesh consisting of two two-dimensional
design elements (Y| and ¥,) with a common edge, and two one-dimensional design ele-
ments (W5 and ¥,) with a common node. Design elements ¥, (two-dimensional) and V5
(one-dimensional) share a common node. By defining the values of the design velocity
field at each node, a C™ design velocity field is built throughout the design mesh except
at some locations where it is guaranteed only to be C°. These locations are the edges and
nodes shared by two or more design elements. The existence of these locations condi-
tions the collocation procedure of the BIEs in the sensitivity analysis (and the required
zero-order analysis). There are two ways of dealing with it:

Fully isoparametric approach The design velocity field is interpolated also with the
shape functions of the boundary element ®:

Geometry: x; = ¢,x
Variables: p = ¢,p%, q = ¢,q5. 6p = ¢,0p), 6q = ¢,64, (3.81)
Design velocity field: v; = ¢,V
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where p,g = 1,...,N?® is the node index of the boundary element. The design
velocity field at nodes vj‘f] are calculated from the design mesh. This interpolation
guarantees differentiability along the boundary element except at the end nodes.
Hence, a Multiple Collocation Approach (MCA) is used [31], where the collocation
is performed only inside the boundary element. This fully isoparametric approach
using the MCA is simple and applicable to all possible positions of the boundary
elements shown in Figure 3.4. It is even possible to consider the boundary element
@5 if a null design velocity field is assigned to the node located outside the design
mesh. Despite its versatility, it comes with a big disadvantage: its computational
cost.

Mixed approach Nodal collocation is used for boundary elements whose nodes are lo-
cated at points where v(x') € C'. For boundary elements where at least one node
violates this condition, the full isoparametric approach is used. This approach is
versatile and, at the same time, as computationally cheap as possible. The only dis-
advantage is the implementation effort needed to automatically distinguise between
both situations. In Figure 3.4, nodal collocation is used on boundary elements @y,
®,, @3 and @, while the full isoparametric approach is used on boundary elements
(D4, (DS and (DG.

Once discretization and collocation procedures have been described, it is possible to
present the discretized form of Boundary Integral Equations (3.40) and (3.62). For any
collocation point x’, both can be written in a generic way as:

i N N D, Noe D, Mo D,
cop' +Bjvi,p'+ > (H 5pp) + > (6H,p,) = > (Gyq,) + > (6G,q,)
- - . . (3.82)
where:
e Ifx' €T, then:
{ Ny : X € (De}
{‘Pd, d=1,... Ng:x ¥
= (¢ ppp)
= (¢j0p,)"
Vi (w,,,,vmq)

and ¢! and bimj are calculated as shown previously according to the local geometry
of the boundary at the collocation point.

o Ifx! eEFthenc—é‘ and b . = 0.

mj

For a boundary element @ associated with a design element ¥, two different situations
must be considered:
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Exterior integration, x' ¢ ®. All integrals are strictly regular, and standard Gauss-
Legendre quadrature is able to approximate them numerically. The quadrature order
mainly depends on the normalized distance d = ry;,/D, where ry,, is the minimum dis-
tance between x' and @, and D is the diameter of the bounding ball of ®. As Figure 3.5
shows, the number of integration points increase as d decrease, becoming prohibitive for
d << 1. For this reason, they are called nearly- or quasi-singular integrals. In order to
reduce the number of integration points for a given integration error, several strategies
have been proposed. Two of the most relevant non-linear transformations that smooth
the integrands are the Telles transformation [56, 57] and the sinh transformation [36]. A
combination of subdivision of the integration path [37] and Telles transformation is used
in this work.

30 T T TTTTT \ T TTTTT T T TTTTT T T TTTTT :
25 - :
 x
20 -
2& 15 | 7 Fmin
10 |- = IS N
Standard s \\
5 [ Telles transf. :\ / : |
Sinh transf. —— | K D2 )
O | | [[[[[[l | | [[[[[[l | | [[[[[[l | | L Lol \\\__///
0.001 0.01 0.1 1 10
d= rmin/D

Figure 3.5: Number of integration points vs. normalized distance for integrand I = 1/r?
and relative error € = 1076

When x' ¢ @, the contributions of a boundary element @ similar to those of the SBIE
are:

m:ffgﬁ (3.83)
()

@:fﬁ%ﬂ (3.84)
0]

The contributions of the new integrals arising in the 6SBIE consider separately the design
velocity field along the boundary element (through the design element W) and the design
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velocity field at the collocation point:

_ T ¥ T2 i _ N1 R1 J1 v R2 i
SH, = 6H v, — SHivh, = (SHL, + OHRL + SHIL ) vk, — SHYv), (3.85)
G, = 6G v, = 0Gavh, = (5GR -+ 8GIL ) vk, — 5GE2 v, (3.86)
where:
6H§wl]p == fp;tjnqu,ktk(bp dr’ (387)
(0]

SHpyy = f Plun gy dU (3.88)
0]

SHy» = f Plintjdp AT (3.89)
()

6HJm1qp = fq*tqu,ktk(ﬁp dr (390)
[}

6Gngp = f Py dT (3.91)
[

SGr> = f Py dl (3.92)
()

6G;Inlqp = fp*lml/’q,klk(pp dr’ (393)
[}

Interior integration, x' € ®. The integrals contain a singularity, which can be inte-
grable in the Riemann sense (regular or weakly singular) or in the more general Finite
Part sense. The regularization performed in the previous section leads to a set of integrals
integrable in the Riemann sense, making explicit the Finite Part of the original integral.
In any case, the integrand is unbounded at the collocation point, and hence no integration
point can lie at it. A way to achieve this is to split the integration domain at the colloca-
tion point, and then make use of a gaussian quadrature for each subdivision. In the case
of weakly singular integrals, a gaussian quadrature with weighting function w = In x can
be used in order to have a reduced number of integration points [29]. Another alternative
is using the Telles transformation with a null transformation Jacobian at the singularity.
The latter is used in this work.
When x' € @, the contributions of ® similar to those of the SBIE are:

H,=lim | ¢'¢,dr (3.94)
O—¢!

G, = hrgl+ p¢,dl (3.95)
O—e!
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Since x' € @, the contributions of the new integrals arising in the SBIE consider only the
design velocity field along the boundary element (through the design element ¥):

_ 1 ¥ _ NI RI J1 b4
SH, = 6H ), vt = (SH.., + SHE, + SH )y, ) vy, (3.96)
_ T ¥ _ R1 J1 b4
G, = 6Goy,vm, = (6GE, +6G, ) vh, (3.97)
where:
6H%ﬂ7 = o Ell)r(r)l+ f P (nml//q,ktkqﬁp - nml//q,ktk¢p) dI’ (3.98)
D

1 2r,, Or - n . .
R1 _ ,m i m i i
Mgy = 31 f g Ve = ¥,) 8 dT - f el (2R R VR L

D—ei D—ei

1 i ari T i gdigi A 1 (9ri 61’
[ et () | o [ 2((5) 5o
D¢l D6l
(3.99)
SH,gy = im | g tuthqitity AT (3.100)
D¢l
R1 _ 1 * i
0Gingp = ell}%l Pm (‘ﬁq '»”q) ¢p dU (3.101)
D¢l
6Gyp = lim f P twgitidp AU (3.102)
D¢l

where the limit notation lim._,o+ before some integrals has been omitted for brevity. Note
that terms involving the integral f 1/r dI" has been removed from 6H. and 6HY! since

mqp mqp
they cancel out when evaluating 6H,, .

The solution of the sensitivity problem requires the solution of the zero-order solution.
As it is well known, the discretized form of the SBIE is:

o Npe @, Npe @,
dp+ Y (Hopy) =) (Goay) (3.103)
e=1 e=1

which is somewhat a simplified version of the 6SBIE (3.82). Performing a suitable col-
location of the SBIE throughout the discretization leads to the influence matrices H and
G, which are built by assembling free-terms and H), integrals into H, and G, integrals
into G. The discretized system is transformed into a system of linear equations once the
boundary conditions are applied:

boundary conditions

Hp=Gq —2" Ax=Bg=b (3.104)
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where A is composed of components of H and G related to the unknown components of
p and q (gathered into x), and B is composed of components of H and G related to the
known components of p and q (gathered into X). Following a similar procedure but using
the 0SBIE (3.82), the first-order discretized system is:

boundary conditions

Hop+6Hp = Goq+0Gq —— """ Aox = B6%+06Gq—oHp = b° (3.105)

where A and B is similar to that of the zero-order system (if the same discretization
and collocation is used), and the components of dX are related to the sensitivities of the
boundary conditions. Note the parallelism between the obtained Equation (3.105) and
Equation (2.3) related to the sensitivity analysis using the FEM.

3.4 Helmholtz problem

The previous section deals with the Laplace problem, which, despite being the simplest
case, it is very useful to explain, discuss and understand in detail all the steps to obtain a
BEM formulation for sensitivity analysis. Furthermore, the crucial part already solved for
the Laplace problem is applicable with small modifications to other problems. A simple
change of flux variable f = —kq, where f is the physical flux and k is the conductivity,
make possible to use the already developed formulation for heat transfer or electrostatics
problems. By expanding the fundamental solution, it is also possible to obtain the BEM
formulation for the Helmholtz problem, which with simple change of flux variables allows
the study of wave propagation within inviscid fluids or the anti-plane wave motion in
two-dimensional elastodynamics. In the present section, the BEM formulation (SBIE and
O0SBIE) for sensitivity analysis for the Helmholtz problem is developed.

Concerning the BIEs, the only formal difference between the Laplace problem and the
Helmholtz problem is the fundamental solution [29], which represents a dynamic event
with a propagation speed c in the frequency domain w. Being k = w/c the wavenumber,
the fundamental solution p* and its derivatives are:

pt= %TKO (ikr) = %P (3.106)
P = %Z_’:rd. - %QQ (3.107)
Pim = 21_71 [%% im + (% - %%) rd-r,m] = 21_71 (Rldjm + Rzr’jr’m) (3.108)
. — %%% _ %Q% (3.109)

where i is the imaginary unit, and K, (z) is the modified Bessel function of the second
kind of order n and argument z. Terms Q, R, and R, depend exclusively on r and k:

Q = —ikK, (ikr) (3.110)
R = %Q 3.111)
R, = (ik)’K, (ikr) (3.112)
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Bessel functions K,, (z) can be decomposed in the following manner [1, Equation (9.6.11)]:

Ko<z)=—1n§—y+1<§<z>

I 4 1 R
K;(2) = E+§(ln5+7—5)+K1 (2) (3.113)
2 1 2 z 3 R
KZ(Z)_Z_Z_E_g(ln§+y_é_l)+K2(Z)

where v = 0.5772156649. .. is the Euler-Mascheroni constant. These decompositions
come from extracting some terms from the infinite series that define K,, (z), and gathering
the rest of the terms in the residue and K®(z) which is of order O(z"** In 7). The ascending
series are computationally competitive only for moderate values of the argument (|z] < 7
for double precision), whereas an asymptotic expansion [1, Equation 9.7.2] is required
for larger values of the argument. By using this decomposition, P, Q, R, and R, can be
written is such a way that a part depending only on r is segregated from another parts
depending on r and &:

ik
P:—lnr—ln%—y+KOR(ikr):—lnr+O(ro) (3.114)
1 K K> ( ik 1 1
Q=--+=rinr+—(In= +y—=|r— kKR (ikr) = == + O (rInr) (3.115)
r 2 2 2 2 r
1 K K> ( ik 1\ ik 1
R1=—ﬁ+5lnr+3(ln%+y—§)—l7KIf(ikr):—r—2+0(lnr) (3.116)
2 KBk, K*( ik 3 b R, 2 0
Ry= 4> —2r 1nr—§(1n5+y—z)r —k Kz(lkr):r—2+0(r) (3.117)

Therefore, the fundamental solution and its derivatives can be written as:

p =)+ ()" (3.118)
py= (o)™ + (o)™ (3.119)
D= (03" (03) (3.120)
g =(a)" +(a)"™ 3.121)

where the static parts correspond to the Laplace problem. Dynamic parts lead to at most
weakly singular integrals, hence neither produce additional free-terms nor require further
treatment.

3.4.1 Inviscid fluid

Consider an inviscid fluid with density p and bulk modulus K. The wave propagation
speed is then ¢ = \/K_/p Within the small perturbation hypothesis, the wave propaga-
tion in this medium follows the Helmholtz equation with the dynamic pressure p as the
primary variable [29]. The flux variable (secondary variable) is the fluid normal displace-
ment u,:

1 dp 1

e 3.122
pw? on pwzq ( )

Uy
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Thus, simply by making the change of variable ¢ = pw?*u,, the formulation can be used to
study this problem.

3.4.2 Anti-plane elastodynamics

Consider an elastic solid with density p and shear modulus . The shear wave propaga-
tion speed is then ¢, = \/p7p The two-dimensional analysis of the anti-plane motion
is governed by the Helmholtz equation with the anti-plane displacement u; = p as the
primary variable, and ¢, = ¢ as the wave propagation speed [29]. The flux variable is now
the anti-plane traction:

I3 = 034N = MUz = UG (3123)

where @ = 1,2, and summation convention is implied. Hence, by making the change of
variable ¢ = t3/u, the formulation can be used to study this problem.

3.5 [Elastostatics

Consider the static analysis of an elastic solid with Poisson’s ratio v and shear modulus
(or Lamé’s second parameter) u. Lamé’s first parameter is then 4 = 2uv/(1 — 2v). The
primary variable of the governing differential equations for the in-plane problem are the
displacements uy, and the secondary variables are the tractions 7, = o;n, where the stress
tensor is 0y = Ay, m0i + p(ukj + ujr), and k, j,m = 1,2. In the present work, the plane
strain problem is considered, although the plane stress problem can be obtained easily
from it [24].

3.5.1 OSBIE for non-boundary collocation points

The Singular BIE (SBIE) for an interior or exterior collocation point with respect to the
reference domain Q can be written as [24]:

5! i+ft* dF—f “t.dl, o = Lxe (3.124)

u u = u R = . .

QY Ik Ik*k Q 0.x¢QUT
r r

where the body loads have been discarded, [ = 1,2 is the live index related to the load
direction, k = 1,2 is the dummy index related to the observation direction, and:

. 1

Uy = m[ -0k 3—4v)Inr+ i’,ﬂ’,k] (3.125)

. 1 1
iy, = m;[ Sk (B dv)ry 4 Gars + Syt — 2rirr J] (3.126)
T = Ay Ok + (”z*k,m + ”Zn,k) (3.127)

1 1
O-}kkm = _m;[zr,lr,kr,m + (1 - 2V) (6lkr,m + 5lmr,k - 5kmr,l)] (3128)
B = O lhtm (3.129)

1 1 (or
=~ {%[5% (1-2)+ zr,,r,k] + (1= 29) (nyry - nkr,l)} (3.130)
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Likewise, for the perturbed domain Q:

o - . : Lx e
i+ [ B dP = | wcdl, sy =407 (3.131)
T T

As seen in previous sections, the relationships of geometrical objects and variables be-
tween the reference domain € and the perturbed domain € are given by linear mappings:

ity = u} + ou (a — a°) (3.132)
it = g+ o (a — a°) (3.133)
i) = + Oup (a — a°) (3.134)
ii; = n;+on;(a-d) (3.135)
Gy = Al Oy + piig; + i) = oy + 664 (a - a°) (3.136)
fx = Oyt = ogn; + (O'kjénj + 60'kjnj) (a - ao) =t + Oty (a - ao) (3.137)
di*=|1+06J(a-a°)| dr (3.138)

where only linear terms (a — a°) are kept. The fundamental solution uy, depends on the
observation and collocation points u}, = u}(x,x"), hence its linear mapping must be built
from the Taylor’s expansion with respect to both points. As seen with the Laplace prob-
lem, this means that the linear mapping can be written as:

iy, = uy + u;}ci/érj (a - ao) = uy, + Ouy, (a - aO) (3.139)
The linear mapping of 7, is built by using the linear mapping of its components:
by = O poltm = [O';kkm + O 07 ) (a - ao)] [nm + on,y, (a - ao)]
= O pullm + (U;‘kménm + O z/-5;’.,-11,") (a - ao) (3.140)
=t + 01y, (a - ao)

and keeping only linear terms (a — a”). Note that Tl is obtained by differentiation of
Equation (3.128):

. 1 1
oy ==
lmj 4r(1-v)r?

+2 (6ljr,kr,m + 6kjr,1r,m + 5mjr,1r,k) + (1 - 2V) (6lk5mj + 6lm5kj - 5km51j)] (3141)

[ = 8rrprpmrj—2(1 =2v) (6lkr,mr‘j + Ol ilj — 6kmr’,rz,~)

Finally, substituting all these linear mappings into Equation (3.131), keeping only linear
terms (a — a"), substracting Equation (3.124) from it, and dropping out (a —a®) terms, give
the sensitivity SBIE (or 6SBIE):

Sy} + f £ 0y, dT+ f (6, + 1,00 uy, AT = f 0ty AT+ f (6uj, + uj,6J) 1, AT (3.142)
r r r r

The first and third integrals are similar to the integrals of the SBIE, except that now the
sensitivities ou; and ot, appear. The second and fourth integrals are new integrals that
depend on i, and #;, thus they can be evaluated only once the zero-order solution is known.
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3.5.2 O6SBIE for boundary collocation points

The process to obtain the dSBIE for boundary collocation points is analogous to the pro-
cess performed for the Laplace problem, so many aspects are skipped and assumed similar
here. The limiting process is also done from an interior collocation point (6}, = 1). The
integration path of the integrals of Equation (3.142) is modified according to Equation
(3.41), then:

f() dI' = lirgf(...) dI" + 1ir(l;l+f(...) dr (3.143)
r ri el

Integration over I' In order to perform the integration over the arc I', a polar system
of coordinates centered at the collocation point is used, see Section 3.3.2. Assuming that
the displacement sensitivity is continuous, i.e. ouy = 6u}< + O (€), the evaluation of the first
integral of Equation (3.142) leads to:

ouj + lim f £.0u; dU =

ri

0>
1 .
op — —— 1—2V5A6’e“+2fnn do || ou
Ik 47T(1_V)(( ) Ol 1My ﬂ X (3.144)

01

Ciei
= cy oy
where cilk is the well-known elastic free-term:

(Cik) _ A 1 ( sin26, —sin20;,  —(cos 26, — cos 26;)

27 Ok) = 87 (1 —v)\ —(cos26, —cos26;) —(sin26, —sin26,) ) (3.145)

Given that the displacement is continuous: u; = u}( + O (€); and the design velocity field
is differentiable: v,, = v\, + v, JTiEe+O0 (62); the second integral of Equation (3.142) can
be written as:

e—0* lkjm” j,m

lirél+ f (0, + t;,00) uy dI' = lim (oj‘kmcSnm + O SO T + t;‘k(SJ) w, dl = bt vi u}c
ri r

(3.146)

where b}, is:
Jm

6 0>
; 1
blkjm = —m [—6 fnlnknjnm do—(1-2v)oy fnjnm do

61 01
6 [

[
+(1+2v) 0y fnknm do + (3 - 2v) 6y fnlnm do—-(1-2v) | ymynjt,, do
01 01 61
6> 6>

0>
+(1-2v) fnltknjtm do+2 fnlnktjtm dé+ (1 —2v) oy ftjtm d@} (3.147)

0 0 0
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and its evaluation can be found in Appendix A. The new free-term b}kjm is null if the
collocation point is located at a smooth boundary point. Assuming that traction #;, and
traction sensitivity o7, are bounded, the third and fourth integrals of Equation (3.142) are
null:

lim | w6 dl'=0 (3.148)
ri

lim f (61, + 13, 6J) 1, AT = 0 (3.149)
ri

Therefore, after performing the integration over I'', the §SBIE for boundary collocation
points can be written as:

ChOuj, + Dl Vi ity + lim f tyduy T+ lim f (65, + £,60) uy, AT
e el

= tim [ wjo dr + Jim f (6ul, + w0 e AT (3.150)
e el

Integration over '—¢' The first integral of Equation (3.150) is clearly strongly singular:
H, = lir(r)1+ 1y Ouy dI' is strongly singular " ¢, = O(r’l) (3.151)
Ir-et

The term leading to the strongly singular part can be segregated:

1 . 10r
Hl = —m EILI’(I)l+ f ;a—n[élk(l — 2V) + 2r,1r,k]6uk dr

el

1
+(1-2v) lil’(I)l f — (mryx —mry) 6w, dUy  (3.152)
e—0* r

I-e

Because the displacement sensitivity is continuous, one can add and substract (514}{ from
ouy in order to further segregate the strongly singular term:

1 10r
H=— {1 —— 0y (1 =2 2 ]5 dar
! dr (1 -v) ELI(I;' f r On[ e ( V) 2rir | O

e—0*t

I'-e!
. 1 , . 1
+(1-2v) hI(I)l —(mry — mry) (5uk - 6u}<) dI’ + 6u, lim —(mry — mry) dI'
e—0* r r
el el

(3.153)
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It is easy to see that:

or or
gL = [Ma Tty = Sranmyrom = mry —mry = Mk My = €as (3.154)

Hence, the regularized integral can be written as:

1 . 10r
lim

- sk =2v) +2 ]5 dr
dr(1-v) |e0+ J r@n[ e V) + 2 |Gt

e—0" r

I'-e!

) 1 ; . 1
lim — (mry — mry) ((5uk - 6uk) dI' + exouy, 11r(r)1 —dr
r e—0*

L |

|

(3.155)

where f 1/r dr is analytically solvable. The second integral of Equation (3.150) can be
split into three integrals:

6H = lim f (615 + 150]) up AU = Hm | (05, 0m0 + O 07 0 + 1367 )ty AT

e—0"
| I

= 6H) + 6H} + 6H,

(3.156)

SH) is a strongly singular integral:

SH) = lim | o, on,uy dT is strongly singular - o, = O (r_l) (3.157)

e—0*

e

If its integrand is expanded, two integrals are obtained:

5H?I = — lim f O oty Vr st st AL

e—0*
e
1 ) 1 or or
= m 6]1{(1)‘5r f ; [Qr,lr,kﬁ +(1-2v) (5”(5 +4ry — tkr,,)] NV sl Uy dr
el
L Ja-omi fl(r tor 1) vy sttty AT
= — 2v) lim —\r g — Ll NyVestsih
4 (1 - v) P
e
) 1 or
+ lim ——|2r i + (1 = 2v) Sy |nv, steuy Ay (3.158)
o ) rar| " ’
el
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where the first integral is regular because #;r; — t;r;, = O (r). In the second integral, it is
possible to add and substract nivi £ from n,v, tu:

r-r,s°s

1 . 1
SH) = A=y (1-2v) EILI(I)1+ f - (trx — tr ) npvy sty dT

|

. 10r
+ lim —6—F[2r,rk +(1-2v) 61k] (mViststee = miv} fad) T
e

- 1 0r
+ nrv” R }ycelil'(r)l+ f ;a—r[Zr,lr,k +(1-2v) 61k] dI’ (3.159)
e
where new regular and strongly singular integrals are obtained. In the new strongly sin-
gular integral, one of its terms lead to an integral f 1/rdr:

2 1 1
N__ - _ . 1 B
= ma— " ZV)SLI(%fr(’””k i) vttty I

e

. 10r
+ lim ;G—F[Zr,lr,k+(1—2v)5lk] (mVrststt = miV) fad) T

e—0*
|
1 0r
+ nrv” (1 - 2v) O hm dr + 2 lim ——ryr dl (3.160)
' 0" J r or
and the other term can be expanded as:
or or
rirg = (6F) 1 (61") tk +0(r) = t,tk +O0(r) (3.161)
which leads to:
SH) = _ (1 -2v) lim 1(; — try) tou dT
dr (1 —v) Ve ) NIk T IR Vst stk

el

e—0*
et

. 1dr
+ lim ;a—r[2r,,r,k +(1-2v) 6lk] (n,vmtsuk n, ,St ) dI’

1 0r y 1
+ nrvrs s l2 Ell)r(l)l+ f Py (r,lr,k - tltk) dr + [(l 2v) oy + 2tlf] hm f P dr]
el =i

(3.162)

Hence, (5H?I can be written as a set of regular integrals and one integral f 1/r dr. The
integral 6H} is also strongly singular:

SHY = Elirgl+ T o jOT it AT is strongly singular ~ oy, or; =0 (r_l) (3.163)
~—~— —
r—¢l o(r?) 90
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If the following part of the integrand is expanded:

. 1 1 or
O-lkanﬂl = —m {r2 an[ 8]”711"7]{}"2]‘ - 2(1 - 2V) 6lkl”J + 2(611'1",]C + 6](]'7"1)]

1
+ =1l 21 =2v)rj(mry —mry) + 2nrri + (1 = 2v) (6lknj + Oy — 61jnk) ]}

= &j; + op;  (3.164)

o) o)

It is easy to see that &?kj leads to a regular integral while &E’kj leads to a strongly singular
integral:

SHY = lim [ &3, (v;—vi)we dT + lim | &5, (v; = v\)u dT (3.165)

e—0* e—0*

el I-el

Given that the design velocity field is differentiable, i.e. v; =V, —vi r, = O (rz), one can
add and substract vji.srs from ¢r; leading to new regular and strongly singular integrals:

6HR = lim &?kj( )uk dl' + lim 0~'ll)kj (vj —h )uk dr

e—0+ €0+ J J> st

e I-el

+ lim rop i s AU (3.166)
I'—el

This new strongly singular integral can be further reduced by adding and substracting

lim, g (rug) = (Or/00)' £u, to ruy:

R _ 1 ~a ~b (i i
OH; = Elg(l)l+ Ty (vj )uk dI" + Ell)m+ Ty (vj v vj’srs) u, dI’
]"_ei F—ei
li 70 [y O\ i | ar ;i
+ Hm [ ray, v = aC £ uk + v]sts im rO'Ik] 6F

el

(3.167)

The latter integral can be expanded and written as:

) or 1 ) 1{o0r
A= Eli%l | ralk](ar) dI' = —m Ell)r(l)q+ f (GF) [ 200 =2v)r;(mry — mry)

I-e Ir-e

+ 21+ (1= 2v) (S + O — 6,jnk)] dl' (3.168)
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By adding and substracting the following, already used, expansions: r; = (0r/dT)’ tij +
O(r), ryry =t +O(r)and n; = nlj + O (r); it can be written as:

1 ) 1{or\ or\' :
A——m }L%{f;(a—r) l—Z(l—ZV)(VJ—(a—F) tj)(nmk—nkr,l)

I'-et

+2 (njr,lr,k - n']t}t}() +(1-2v) (51k (nj - ”1]) + O (”l - ”}) = 0y (”k - n}())] dr

. 1
~2(1 -2 lim f = (mry — mry) dU
e—0* r

I'-et

i | SEPUTY I 1{or)
+ |24t + (1 = 2v) (6un’, + oyn) — oyn})| lim f ?(a_r) dry (3.169)
el

where the second integral is similar to the strongly singular integral appearing in the
regularization process of H. Also, it is easy to see by inspection that §n;, — 5;m, = €t
The third integral can be regularized by adding and substracting dr/dI to (9r/dT)':

1 ) 1{or\ or ii
A= _m elg(% f ;(a—r) [—2(1 -2v) [rJ - (G_F) tj) (mry — nyry)

I-et
+2 (njr,lr,k — nljt}t}() + (1 - 2V) (6lk (l’lj - l’llj) + 6kj (l’ll - I’l}) - 511 (nk - n}c)):| dr

i i i 7 1(({or\ or
+ [antltk + (1 - 2V) (5[kl’lj + Elktj)] 611)1’(1)’!r f ; ((E) _ ﬁ) dr

I'-e

o T 1
+ [ (216} + (1= 20 84) = (1 = 2v) et} | lim f —dre (3.170)

|

Therefore, SHY can be written as a set of regular integrals and an integral f 1/r dr. The in-
tegral 6H; can be easily regularized. If, in the first place, the expansion of 6J = L tvists =

PP . . .
vty + O (r) is considered:

e—0*
I'—-et I'-et

= lim | 6 (1t — 69) ) e AT + £t ff lim f tru dU (3.171)
—el

6H] = lim | £;6Ju dI’ = lim f Tt Vyststty AU

0+ JYiss

el —e
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then the resulting strongly singular integral is similar to H;. Hence, the regularized form
of 6H] can be written as:

T _ 13 * i
6H] = lim |t (1v;t, = 1vh0)) g T

Jis's
et
— L}ﬂ(]—_)/)tjvj’sts 611)1’6}r f ;%[51/{ (1 - 2V) + 27"11"/{]1,{/{ dI

e

1 . : 1

+(1=2v)|lim f = (g = mry) (e — ) dT + €gar, lim f —dr|} (3.172)

e—0* r e—0* r
el [l

Eventually, we are in the position to evaluate 6H,; = 6H) +S5H} +S5H] by simply adding the

three contributions. It is easy to see that all terms related to the integral f 1/r dr cancel

out when adding all the contributions.
The third integral of Equation (3.150) is weakly singular:

G, = lir(1)1+ uy ot dI' is weakly singular “ u;, = O(Inr) (3.173)
-

The fourth integral of Equation (3.150) can be split into two integrals:

6Gy = Tim [ (Suj +ujd)) i AT = SG} +6G] (3.174)

I'—e
where:
oG} = lim | uj orn dU is regular ' uj; 6r; = o(r) (3.175)
€ N S N——
el o(r ) Oo(r)
J _ . ® . . .. _

0G, = ell)r(r)1+ uyoJt, dI' is weakly singular "~ wu;, 6J =O(Inr) (3.176)

gl onr O(r°)

3.5.3 Discretization and solution

The discussion done in Section 3.3.3 about discretization, collocation, numerical integra-
tion and solution of the Laplace BEM sensitivity problem holds for the elastostatic case.
The difference is in the length of the formulation, which is also more involved as it has
been shown in the previous section.

The discretized form of Boundary Integral Equations (3.142) and (3.150) for any col-
location point X’ can be written in a generic way as:

Nbc Nbc Nbc Nbc
oubAbl vk (Hipo) ™+ (Hipung) = > (Gigdteg) + > (6Guptep)
CrrOUNe T OttjmVimUi lkpOUip lkpUip | = lkpOlip lkpLip

e=1 e=1 e=1 e=1

(3.177)

where:
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e Ifx' €T, then:

and c}k and bilkjm are calculated as shown previously according to the local geometry
of the boundary at the collocation point.

e Ifx' ¢ T, then ¢}, = 640}, and b}kjm =0.

For a boundary element @ associated with a design element ¥, two different situations
must be considered:

Exterior integration, x' ¢ ®. When x' ¢ ®, the contributions of a boundary element @
similar to those of the SBIE are:

Hy, = f t:.¢, dl (3.178)
(o)

Gup = f ¢, dI' (3.179)
(o)

The contributions of the new integrals arising in the 6SBIE consider separately the design
velocity field along the boundary element (through the design element ¥) and the design
velocity field at the collocation point:

SHyp = SHp, v, = 6H 2V, = (6H )., + SHp  + 6HiL Vvk, — Hfe vi,  (3.180)
Gy = 0G0 Viwg = 0G o Vi = (0GFL  + 6GIL )i, = 6Gf2 W, (3.181)
where:
SH gy = = f Tt sts$p AT (3.182)
0]

SH g = f Tl W qPp AU (3.183)
(0]

SH o = f Ttimtj$p AU (3.184)
(0]

SHiyygy = f Citnbgststp AT (3.185)
(0]
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G gy = f Uy gy dT (3.186)
D

6Glp = f Uj u®p AT (3.187)
D

6G-l'k1mqp = fu;ktqu7StS¢P dr (3188)
D

Interior integration, x' € ®. When x' € @, the contributions of ® similar to those of
the SBIE are:

1 . 1 or
Hiy =~y ([ e 20+ 2o

D—el

. 1 i . 1
+(1-2v) [ lim f ~ (i = ner) (¢) - ¢,) dT + e, lim f - dr} (3.189)
[} D—el

_el _el

Gup = lim f ¢, T (3.190)

O—¢

Since x' € @, the contributions of the new integrals arising in the SBIE consider only the
design velocity field along the boundary element (through the design element \¥'):

SHyy, = 6H Vg = (SHib, + OH L + SH, 0 ) Vi (3.191)
Gy = 0G Vi = (0GRt 00 + 0G ) Vivg (3.192)
where:
SHY! = _t (1—2v)fl(tr — b)) iy sts@, dU
lkmgp — 471_(1 _ V) r 1"k k1) "mWq,sts@Wp
P—el

1 or i i
+ f ;a—r[zr,zr,k +(1-2v) 6lk] (”ml//q,sfsfﬁp - ”ml/’q,sts‘/’p) dr

D—ei

§oi i i 1 or i
+ 2nn’l¢’q,sts¢p f PE (I’,ﬂ’,k - tltk) dar'y (3.193)

O—¢!
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(SH}}anp = f&?km (wq - wi]) ¢P dI’ + f&})km (wq - wi] - l/’i],srs) ¢p dr
-

I'—e! ei
~ i i [or i i i
+ f ro-})km{ q,srvs(pp - ‘ﬁq,s (a_l—-) ts¢p) dr
|

1 1{or\ or\'
4”(1 )l/’qs S(p f;(a—r) [—2(1 - 2V) (I"’m - (a—r) tm) (I’lﬂ”’k —I’lkl"’[)

_el

+2 (nmr,lr,k - nint}t,i() +(1-2v) (51k (nm - nin) + Om (”l - ”}) = Oim (”k - n}c))] dr

o . . 1 :
+ |20}t + (1 = 2v) (6un), + entl )] f ;((%) SI’;J dr} (3.194)

I-el

5H;I:mqp f t;kk (tm(p%s s tqus s) ¢P dr’

D¢l

1 S 10r
Gy il [ 2 s -2 2 dr
G (1 =y mVashs fra [”‘( M+ rlr"]¢”

e

1 |
+(1-2v) f — (i = ner) (¢, - ¢}) dT} (3.195)

8Gligy = lim f e, (W — ) @) AT (3.196)
(5G}Ilc1mqp = Elgg f M?kl‘ml//q’sl‘s(]ﬁp dr (3197)
D¢l

where the limit notation lim._,+ before some integrals has been omitted for brevity. Note

tha;tlterms involving the integral f 1/r dI'" has been removed from 511%1" . 6H}2n @ and
OoH

lkmgp SiNCE they cancel out when evaluating SH;! "
The solution of the sensitivity problem requires the solution of the zero-order solution.
As it is well known, the discretized form of the SBIE is:

Noe Noe o
Clk“k + Z Hlkpukp) ‘= Z (leptkp) ’ (3.198)
e=1 e=1

Performing a suitable collocation of the SBIE throughout the discretization leads to the
influence matrices H and G, which are built by assembling free-terms and Hj, integrals
into H, and Gy, integrals into G. The discretized system is transformed into a system of
linear equations once the boundary conditions are applied:

boundary conditions

Hu=Gt — > Ax=Bx=b (3.199)
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where A is composed of components of H and G related to the unknown components of
u and t (gathered into x), and B is composed of components of H and G related to the
known components of u and t (gathered into X). Following a similar procedure but using
the 0SBIE (3.177), the first-order discretized system is:

boundary conditions

Hou +6Hu = G6t+ Gt ————— >  Adx = B6x+6Gt—6Hu = b’ (3.200)

where A and B is similar to that of the zero-order system, and the components of 6X are
related to the sensitivities of the boundary conditions.

3.6 Elastodynamics

In the present section, the time harmonic counterpart of the elastostatic problem is stud-
ied. The formulation is completely analogous to the elastostatic problem, except that the
fundamental solution is more involved. However, it can be split into a part similar to the
elastostatic one, and another part that leads to at most weakly singular integrals. This
splitting process was also applied to the Helmholtz problem in Section 3.4.

Consider the time harmonic analysis of an elastic solid with density p, Poisson’s ratio
v and shear modulus y. Lamé’s first parameter is then A = 2uv/(1 — 2v). As it is well
known [29], two body modes exist: the longitudinal mode (primary wave or P-wave) with
a propagation speed ¢; = +/(d + 2u)/p, and the transversal mode (secondary wave or S-
wave) with a propagation speed ¢, = \/;Tp The P and S wavenumbers are denoted as
ky = w/cy and k; = w/c,, respectively, where w is the circular frequency.

The fundamental solution and its derivatives can be written as [29]:

. 1
Uy = E[Uldlk - Uzr,ﬂ’,k]

. 1 . k )
U, = Ky (ikyr) + — |K; (ikor) = =K, (ik;r) (3.201)
lkzl’ kz

2
U, = K, (ikyr) — k—§K2 (ikyr)
2

. 1
u,k’m = m[vl@kl’,m + Vzr’ll”‘,'l”’m + V3 (51,”1’,]( + 6kmr,l):|
)
: 20r o (3.202)
Va=SUy— —=
r or
1
Vy=—-—-U,
r
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1
O';kkm = — Tlr,lr,kr,m + T2 ((5lkr,m + 6lmr,k) + T36kmr,,

2r
2 oU
T, = 2(—U2 - a—z)
d d (3.203)
7, .90 1
2T or  r?
A(oU; 9oU, 1 2
n="(2L -2 y,)-Zu
T ( or or r 2) ?
. . 1 or r
tlk = O pnfm = E T] I"’ﬂ"’ka—n + T2 6lk(9_n + (S[ml"’k + T3I’lkl"’l (3204)
1
O-;kkm,j = E[Rl <5ljr,mr’k + 6kjr,lr,m + 6mjr,lr,k) + RZrJ (5”{}"’," + 6lmr,k)
+ R3r,,r,kr,mrd~ + R46km61j + R56kmr,lr‘,~ + Rg (5lk5mj + 5lm6kj) ]
1
R1 = —Tl
r
0*U 10U, 0oU, 2
Ry = EUL L (00 9V 2,
61’2 r or or r (3205)
o’U, 1(.0U, 8
Ry =2]|- +—(5—--U
: [ o> r ( o r’
1
R4 = —T3
r
_A(PU_PU, 10Uy 2\ 20U, 4
> u\ or? or* r or r? ror 207
1
Rs = -T,
r

where terms U;, V;, T; and R; depend on distance r, frequency w and material proper-
ties. By using the decomposition of Bessel functions presented in Equation (3.113), the
non-frequency dependant part (static) of each term can be segregated. Their full decom-
position can be found in Appendix B. Terms U;, V;, T; and R; can be written as:

3 -4y

_ 0
Uy = 4(11_v)1nr+0(r) (5206
V2= =30 +0(rInr)
Vi :—%%H}@W) a0
Vy = —ﬁ; +0(r) |
T = —%% +0(r)
T, = —21(1__21)% +O(rInr) (3.208)
Ts = 21(1__21)% +O0(rInr)
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1—v 12

Rs = %wlz +0(r) (3.209)
-2y 1

Rs =~ 1 —er_2+0< 0)

where terms Vi, R, R4 and R¢ have been omitted for brevity, see Equations (3.202) and
(3.205). Also, in order to be able to verify that the static parts lead to the elastostatic
fundamental solution, the following relationships have been used:

P

c; 1-2v

—_—= 3.210
2 2(1-v) ( )
1 c

g _; ) (3.211)
U c

By substituting these decompositions into Equations (3.201-3.205), it is very easy to see
that the static parts lead to the elastostatic fundamental solution and its derivatives, and
that the “dynamic residues” lead to at most weakly singular integrals:

iy, = ()™ + ()™ (3.212)
i = ()" (i) (3.213)
o= ()™ + ()™ (3.214)
T = (50) "+ () (3.215)
Ty = (Thon) + () (3.216)

3.7 Validation examples

In this section, some examples with analytical solution are used to validate the formu-
lation and its implementation. Only dynamic problems are considered since their static
counterparts can be checked by simply making w — 0. In the same line as in the previ-
ous chapter, the example is a square domain with boundary conditions such that a one-
dimensional wave phenomenon occurs. However, in order to validate the formulation for
curved geometries, the domain is divided into two regions with the same material proper-
ties but with curved interfaces. Details about coupling between BEM regions are given in
Chapter 4.

3.7.1 Inviscid fluid problem

Analytical solution

Consider a rectangular domain Q with the geometry and boundary conditions shown in
Figure 3.6. The domain Q contain an inviscid fluid with density p, and bulk modulus K.
The solution of the related Helmholtz equation consists of two pressure waves travelling
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X2

Design velocity field: v;(x)=x/L, v,(x)=0

Figure 3.6: Problem layout (inviscid fluid problem)

in opposite directions along x;:
p(x)) = Ae™*1 4+ Be*n (3.217)

where A and B are the amplitudes of the waves, k = w/c is the wavenumber, w is the cir-
cular frequency, and ¢ = \/K_/p is the wave propagation speed. Once boundary conditions
are considered, the pressure p and fluid displacement in the x; direction (u; = 1/(pw*)p.;)
can be written as:

p(n) = —sinkx, (3.218)
Pk

= ————cosk 3.219

uy (x1) e sinkL cos kx; ( )

If L is taken as the shape design variable with a design velocity field v = (x/L,0), then
the sensitivities are:

Pk coskL . X1
op(x1) = - kxy + — cosk 3.220
p (1) sin kL( sinkL S+ L €08 xl) ( )
Pk? cos kL X
S =— kx; + —sink 3.221
up (x1) e SinkL(sinkL cos kx; 7 sin xl) ( )
BEM solution

The problem is solved numerically by using the BEM sensitivity analysis with the SSBIE
developed in this chapter. The domain is a square with side length L, and is meshed
using different element sizes (L/4, L/10) and different element order (linear, quadratic).
By doing so, 4 and p convergence can be tested. Also, a fictitious circular inclusion
filled with the same material is considered in order to demonstrate that the formulation
works well also for curved elements. All meshes used here are shown in Figure 3.7.
Dimensionless frequency ay = wL/c is used, which is in the range (0, 6].
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Figure 3.7: Linear and quadratic meshes with L/4 and L/10 element sizes, and with and
without a fictitious circular inclusion.

The design velocity field is defined in the same way as it is described in Section 2.3. It
is done by defining a design mesh containing one 4-node quadrilateral element covering
the domain €, and appropriate values of v are assigned to the four nodes in order to define
v = 0x/JL = (x,/L,0), see Figure 2.3 (Left).

Figure 3.8 shows the normalized displacement u; and sensitivity ou; at x; = L, and
their relative errors with respect to the analytical solution. These results are obtained
for the upper meshes in Figure 3.7. Figure 3.9 shows the same results but using the
meshes with the fictitious circular inclusion, i.e. the lower meshes in Figure 3.7. In
all cases, error levels are so small that the differences between numerical and analytical
solutions can only be seen in the relative error graphs. These graphs clearly demonstrate
the & and p convergence of the developed BEM sensitivity analysis for plane and curved
boundary elements. The error levels at low frequencies are higher when using the meshes
with the fictitious circular inclusion. However, the same phenomenon is seen in both
the displacement and the displacement sentitivity, and hence it seems to be related to the
discretization itself.

3.7.2 Elastodynamic problem

The analytical solution of this example can be found in Section 2.3. The numerical so-
lution is obtained using the same configuration and the same set of meshes as in the
previous section. Poisson’s ratio is assumed to be v = 1/4. In this case, the dimensionless
frequency is ayp = wL/c;, where ¢, is the P-wave propagation speed.

Figure 3.10 shows the normalized displacement u; and sensitivity du; at x; = L,
and their relative errors with respect to the analytical solution. Figure 3.11 shows the
same results but using the meshes with the fictitious circular inclusion. As in the previous
section, & and p convergence can be seen in these graphs for straight and curved boundary
elements.
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Figure 3.9: Convergence of u;(L) and ou; (L) for the inviscid fluid problem (meshes with
a fictitious circular inclusion)
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Chapter 4

Shape sensitivities in multi-region
problems

4.1 Introduction

Formulations developed in Chapter 2 (DDM-FEM) and Chapter 3 (DDM-BEM) can be
combined for solving multi-region problems in an advantageous way. Each region is
managed either by the BEM or by the FEM, whichever is more appropriate. Unbounded
regions are handled very naturally by the BEM, but they require special formulations if
treated by the FEM. The BEM also works very well when analysing regions with cracks
or where accurate stresses are needed. The FEM is intrinsically well-adapted to manage
structural members and inhomogeneities.

In this chapter, BEM-BEM and BEM-FEM coupling between regions are consid-
ered. BEM-BEM coupling between regions of the same or different type is relatively
straightforward, and not too many variations exist. On the other hand, several coupling
strategies can be used to build a BEM—FEM interaction [8]. The most direct and sim-
ple approach consists in establishing compatibility and equilibrium conditions along the
interfaces at the level of discretizated equations. Depending on the relative number of
degrees of freedom of FEM and BEM regions, it may be also convenient to symmetrize
the BEM matrices and treat BEM regions as macro finite elements. A more advanced
method is that of Belytschko et al. [14, 41, 15]. This approach uses a single variational
statement for the whole domain, which is then discretized using appropriate continuous
test and trial functions throughout the domain. Using the patch test and solving several
problems, they found that this method is far superior to the direct approach [41]. However,
it requires doing some modifications to the standard formulations, and is more expansive
computationally. Therefore, the direct approach is used in this work.

The rest of the chapter is organized as follows. In Section 4.2, discretization and
collocation procedures in multi-region problems are described. The coupling conditions
for the cases considered in this work are described in Section 4.3.
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Figure 4.1: Multi-region problem example (geometry)

4.2 Discretization and collocation in multi-region prob-
lems

The domain Q of a multi-region problem consists of N, regions ;, i.e. Q = Uﬁjlv'Q,-.
A region €; can be treated using either the BEM or the FEM. If a region €); is treated
using the BEM, then is necessary to explicitly define its boundary 0€; as a set of oriented
boundaries I';, i.e. 9€; = {iF IS B,-}. Each boundary I'; is discretized into boundary
elements @y, I'; = Ugec, @1, where nodes are unique, i.e. each boundary is a piece of
mesh with unique nodes and elements. If a region €; is treated using the FEM, then it is
directly discretized into finite elements Y, €; = Uep, Tk, where nodes can be shared by
several finite elements of different regions. Figure 4.1 shows an example of a multi-region
problem with BEM and FEM regions.

The boundary of a region d€); is split into several boundaries I'; in order to assign a
different boundary or interface condition to each one of them. Also, it is split at sharp
corners in order to have a better representation of tractions there. Since it has been es-
tablished that each boundary has its own nodes, double nodes appear at points where
different boundaries meet. If standard nodal collocation is applied at these nodes, then a
singular system of linear equations could be obtained. There are several ways to overcome
this difficulty, for example using discontinuous elements, special corner elements, alter-
native BIEs, or additional equations. In the present work, non-nodal collocation is used
at these nodes, where the collocation points are located inside the elements but near the
nodes. This approach not only solves the degeneracy problem with an acceptable error,
but is also quite simple. The meshes obtained from standard pre-processors do not require
modifications. Furthermore, it can be fully automated without much difficulty. Figure 4.2
shows a detail of discretization and collocation in a multi-region problem example.

As shown in Figure 4.2, a BEM-BEM interface is intrinsically conforming because
of the way it is discretized. On the other hand, in order to have a conforming BEM-FEM
interface, the corresponding boundary of the FEM mesh must match the BEM boundary
mesh.
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e Node

X Collocation point

Figure 4.2: Multi-region problem example (exploded mesh and collocation)

4.3 Coupling conditions

Coupling is directly performed by establishing compatibility and equilibrium along both
faces of the interface at the level of discretized equations.

4.3.1 BEM-BEM

Consider two BEM regions €; and Q; (i # j) connected through an interface boundary
I', with orientation defined by its unit normal n, see Figure 4.3. Relative to region €;, I';
has positive orientation, hence n = n. However, relative to region Q i» I'r has negative
orientation, and thus n¥Y = —n. Following this notation, coupling conditions between
BEM regions are described next.

>
-
=/-\
\\_../,
I
|
=

I,

Figure 4.3: Boundary I'; acting as an interface between BEM regions ; and Q;
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BEM (Q;: elastic solid) - BEM (Q;: elastic solid) The compatibility and equilibrium
at the interface in a nodal fashion can be written as:

u® = g

0 4 ¢0 = 0 (4.1)
su? = su?”

4.2)

5t 4+ 5t = 0

where it must be noticed that displacements and tractions and their sensitivities have the
same coupling equations. In the following, we denote u; and t; as vectors of displace-
ments and tractions in all boundaries of €; except I';, and ug) and t,((i) as vectors of dis-
placements and tractions of I'; with respect to ;. Also, we denote u; and t; as vectors
of displacements and tractions in all boundaries of Q; except I', and u,(f) and t,ij) as vec-
tors of displacements and tractions of I'; with respect to Q;. The equations obtained after
collocating the SBIE for both regions are:

H; H; u; Gi Gi t; 0

() W [~ () o (= 4.3)
Hki Hkk llk Gk,' Gkk tk Ok
Hjj Hp | pw | Gy G )]G L]0 (4.4)
my 1 o) ey 6 )19 7o

which reduce to:

H; Hy Gi 0; u; Gi 0; 0;
Hq H) GJ 0y || u’ | | Gu 0 { t }: O (4.5)
0, H/ -GY H || t¥ 0 Gy ||t 0y '
0; Hy Gu Hj )\ v, 0;i Gy 0;

once coupling conditions are applied maintaining ug) and t;(i) as active degrees of freedom
along the interface. The final system of linear equations is obtained after applying the

boundary conditions:

A; Hip Gy 0 i X; B; 0, i b;

Aki H/(;]z G/(cllz ij ll](:) _ Bki ij { )~(,' } _ b(kl) (4 6)
0, Hp -G Ay ||t/ 0 By | [ X b, '
0; Hp Gi A;)\ x; 0;; By b;

where x; and x; gather unknown displacements and tractions, and X; and X; gather known
displacements and tractions. Matrices A and B combine terms of H and G matrices
according the known and unknown displacements and tractions. Once this system of
equations is solved, all displacements and tractions are known.
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Therefore, in order to solve the sensitivity problem, we proceed following a similar
process but collocating the 6SBIE instead of the SBIE:

Ai Hi Gi 0 0X; B 0;

A HY G 0y || oul | | By 0y |[ 6%

0u HY -G Ay || ot [ | 0 By {5’?1}

0 Hj Gje Ajj )| 0x; 0;; By
oH; oHy 0y 0 u; 0Gii oGy 0y 0 t;
5Hk,‘ (SHECQ Okk ij ll](j) 5Gki (5G](<2 Okk ij tl({i
Ok,‘ Okk 5H](£ (Sij l.lgcj) * Ok,' Okk 5G§£ (5ij t](cj)
Oﬁ Ojk 5ij (5Hjj u; Oﬁ Ojk 5ij 5ij t;

4.7

where the left hand side matrix is exactly the same as before.

BEM (Q;: inviscid fluid) — BEM (Q;: inviscid fluid) The nodal compatibility and
equilibrium at the interface can be written as:

Wn® = yp = 0 = O

_p(i)n(i) _ p(j)n(j) =0 = p(i) - p(j) (4.8)
Su® = —su\V
; ! 4.9)

5p(i) — 5p(j)

where, as in the previous case, normal displacements and pressures and their sensitivities

have the same coupling equations. The procedure to obtain the final system of equations
is analogous to the process followed in the previous case.

BEM (€;: inviscid fluid) - BEM (Q;: elastic solid) In this case, the nodal compatibil-
ity and equilibrium is:
uPn® = u = 4D = g . O

P 4t = = (O = pop® (4.10)

su® = —su? . n@ — u¥ . sn?
5t? = gpn® + pDen® (4.11)

where, unlike the previous cases, the sensitivities do not follow exactly the same coupling
equations due to an additional term that takes into account the variation of the unit nor-
mal. This, however, does not lead to difficulties. The only difference with respect to the
previous cases is a new term in the right hand side of the system of equations.

4.3.2 BEM-FEM

Consider a BEM region Q; (elastic solid) and a FEM region Q; (elastic solid) connected
through a BEM boundary I';, with orientation defined by its unit normal n, see Figure 4.4.
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Q; Q;
n 9Q;
T 0r €2,
n? =n
A =1{....T,...) T
Ql' Qi

Figure 4.4: Coupling between a BEM boundary I', and a FEM boundary 6,Q;

The FEM boundary ,£2; is not explicitly defined, but defined implicitly by its coincidence
in position with I';.

Let u,(ci) and t,(f) be vectors of displacements and tractions along the boundary I'; belong-
ing to the BEM region €2;. The displacements and tractions of the remaining boundary of
Q; are denoted as u; and t;. Vectors u,(c’) and tg) are displacements and tractions (as surface
distributed loads) along the FEM boundary 0,L2;. The displacements of the remaining
region ; are denoted as u;. Compatibility and equilibrium conditions along both faces
of the interface are established by imposing:

uf’ = u

Lok (4.12)
t +t) =0,

5u,(<i) = (5u§<j)
5t + 519 = 0 (4.13)
k k — Yk

where it must be noticed that displacements and tractions and their sensitivities have the
same coupling equations. The equations obtained after collocating the SBIE throughout
the boundaries of Q; can be written as:

H; H;y u; Gi Gy t; 0;
W (- W (= (4.14)
H;; Hy )| u, Gi Gu t, 0y

Moreover, the global FEM equilibrium equation of the region €, is:

ij Kjk ] llj [ Oik ] W f]
L= t = 4.15
[ Kkj K« { u,(cj) } Qi { g } 0 ( )

where Qy is the matrix that transforms boundary distributed loads along the FEM bound-
ary 0,L); into nodal loads. It is built by assembling the boundary distributed load matri-
ces Q; along 9,Q;, see Equation (2.21). Loads in the rest of the region can be included
through f;. Once coupling conditions are applied maintaining u,(cj ) and t/(f) as active degrees
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of freedom along the interface, the coupled system can be written as:

H; Hi -Gy Oij u; Gii 0;
H: Hy -Gy 0 || uV Gu 0
k Kk ke Ukj (ki) 3 k { t } _ k (4.16)
0 Ko Qu Ky t 0y 0,
0;; Ku 0 Kj)luw 0;i f;
Finally, the boundary conditions are applied:
A; Hyp -Gy 04 X; B;X;
A i H -G 0 m ll(j) B ii,‘
k kk ke Uk (ki) _ k i 4.17)
0 Ku Qu Ky t, -Ky.t,
0mi Kmk 0mk Kmm L1 fm - Kmnﬁn

where Xx; and X; are vectors of unknown and known field variables, respectively, related
to the BEM region, and u,, and @, are unknown and known displacements, respectively,
related to the FEM region. Once this system of equations is solved, displacements and
tractions are known throughout the domain.

In order to solve the sensitivity problem, we proceed similarly to what has been done
so far, but collocating the 6SBIE instead of the SBIE for the BEM region, and using
Equation (2.3) for the FEM region:

Ai Hyp -Gy 0 0X; B,;0%;
A Hu —Gu Opy suf | Bi0X;
0 Ku Qu Ky 5t§:) -Ky, 64,
0mi Kmk 0mk Kmm é‘um é‘fm - Kmnéﬁn
oH; oHy 0y 0, u; 6Gi;  6Gy
0Hy OoHu Oy Opy u L| 96k IGu t; 4.18)
0, 0Ky O0Kun 0Ky u, 0 —6Qu || t
0mi 6Kmk 6Kmm (5Kmn ﬁn 0mi 0mk

where the ¢ notation is used instead of d/da for the FEM part. Note that all FEM matrices
can be calculated analytically (except for the numerical integration) as shown in Chapter
2. In particular, 6Qy, is calculated with the help of Equations (2.33) and (2.49).
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Chapter 5

Shape optimization of a simple wave
barrier

5.1 Introduction

Almost all the ingredients needed to perform the shape optimization of a wave barrier
have been described in the previous chapters. In this chapter, they are put together in
order to optimize a simple wave barrier.

The rest of the chapter is organized as follows. In Section 5.2, the simple wave barrier
problem is studied. Finally, Section 5.3 closes this report by giving the main conclusions,
and recommendations for further research.

5.2 Simple wave barrier

5.2.1 Definition

The design optimization of a simple straight wave barrier is considered. Figure 5.1 shows
a layout of the considered system, including the material properties of the soil region €
and barrier region ,, and the design variables a;, a,, a3 and a4. A point source and a
point receiver are considered, which are spaced 15 meters. The point source oscillates at
25 Hz. The design space of the barrier is located in between. The design variable a; is
the horizontal coordinate of the top of the barrier, which can vary from -5 to 5 meters.
The design variable a, is the horizontal coordinate of the bottom of the barrier, which can
also vary from —5 to 5 meters. The third design variable as is the vertical coordinate of
the bottom of the barrier, which can also vary from —8 to —1 meters. The fourth design
variable a, is the thickness of the barrier, which is assumed to vary from 0.3 to 1.5 meters.
According to Figure 5.1, the area of €, is simply ay4 \/(al —ar)? + (a3).

The design optimization is defined as:

) ~ |uwith barrier(7'5, 0)|
alglaglm ¥, ¢ =20log, uvithout barrier (7 5 ()|

5.1
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X, (m)

Receiver

(7.5,0)

Source

@
(=7.5,0)

(a2’ (13)

Q,: = 605 MPa, v = 1/4, p = 2000 kg/m?, & = 0.05
Q,: =80 MPa, v = 1/3, p = 2000 keg/m?, £ = 0.05

Figure 5.1: Layout of the studied simple wave barrier

such that:
a; = [-5,5]
ap = [_5, 5]
az =[-8, 1] (5.2)
as =10.3,1.5]

Amax > ay \/((l] - 612)2 + (a3)2

Therefore, the objective function is a measure of the amplification of the displacement
lu| at the receiver due to the barrier, and hence it has to be minimized. The design space
allows any barrier within a rectangle between source and receiver, where the barrier al-
ways emerges at the soil surface. A simple economic constraint is defined by setting a
maximum barrier area Aax.

5.2.2 Sensitivity test

Before performing the design optimization, a sensitivity test is done in this section. This
test consists in calculating the sensitivities of the objective function with respect to all
the design variables using different methodologies and models. It allows us to verify that
almost every aspect of the methodology is correctly executed. Also, this test implicitly
validates the coupling conditions presented in Chapter 4.

The methodologies we are referring to are the Global Finite Difference (GFD) and the
Direct Differentiation Method (DDM) to calculate the sensitivities. Three models of the
problem are considered:

e BEM-BEM. All regions are BEM regions.
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e BEM-FEM 1. The half-plane is a BEM region, and the design space and the barrier
are FEM regions.

e BEM-FEM 2. The half-plane (including the design space) is a BEM region, and
the barrier is a FEM region.

GFD are calculated using a 2-point central finite difference formula. Note that each
mesh that GFD requires is generated by the pre-processor once the perturbation is defined,
hence the meshes are not necessarily topologically identical. The design velocity field that
DDM requires is defined by a 4-node quadrilateral design element that cover the barrier.
Additionally, for “BEM-BEM” and “BEM-FEM 2” models, the design mesh requires
two line design elements from the top of the barrier to the ends of the design space along
the soil surface. The four corners of the barrier are defined by the following points:

a; —a

6 = arctan (5.3)
2

pi = (a1 4 o/ ,0) (5.4)
cos 6

(az + —cosf,az + E sin 0) (5.5

= (az - — cos@ as — % sin 6’) (5.6)
2

_ ( o ) (5.7)
cosf’

Taking into account this, the design velocity field at each one of the nodes of the quadri-
lateral design element is obtained by simply doing v = dp;/da;. The two additional line
design elements have design velocity fields v\ and v at their start nodes, and a null
design velocity field at their ends.

In all the models, quadratic elements are used. The half-plane mesh is truncated at
x; = =50 and x; = 50 meters. The element sizes are 2.5 meters for elements outside
the design space (aprox. 3 elements per wavelenth), and a4 meters for elements inside
the design space (more than 5 elements per wavelenth). This sensitivity test is done
over two designs: a vertical barrier with a = (0,0, —8,0.5, and a inclined barrier with
a = (—-4,4,-8,1). Figure 5.2 shows the meshes used in this section.

The results of this test are shown in Tables 5.1 and 5.2. These results demonstrate the
lack of robustness of GFD, especially for models that include a FEM region. However,
its simplicity allows us to validate the models using DDM. Results obtained from GFD
converge to the results obtained from DDM as the perturbation decreases. Generally, the
results obtained from different models and methodologies agree, except in the case of the
“BEM-FEM 1” model for the design variable a; (vertical coordinate of the bottom part
of the barrier). Nonetheless, the discrepancy seems to be acceptable (= 10%).

5.2.3 Design optimization

The optimization function used in MATLAB is fmincon with the interior-point algorithm.
The objective function and its gradient is supplied by an user-defined function, where the
analysis model is launched and its results are processed in order to calculate the objective
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Figure 5.2: Meshes used in the sensitivity test: BEM—-BEM (top), BEM—-FEM 1 (middle),
BEM-FEM 2 (bottom); vertical barrier (left), inclined barrier (right)
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dy/ dy dys dyr
Methodol Model Aag; — — — —
ethodo Ogy/ ode i da1 daz da3 da4
1071 -0.272123 -0.025787  0.047936  -2.730099
1072 -0.272620 -0.025949 0.045517 -2.742033
GFD /BEM-BEM 103 -0.272535 -0.025951 0.048044 -2.727737
107%  -0.272548 -0.025972 0.048062 -2.697366
DDM / BEM-BEM - -0.272383 -0.025988 0.0480537 -2.716126
1071 -0.272386 -0.027116 0.038623 -2.738707
1072 -0.265332 -0.034423 0.014281 -2.701757
GFD/BEM-FEM 1 103 -0.182082 -0.112729 0.012887 -2.832151
10 0.655976 -0.965777 -0.179035 -2.763377
DDM / BEM-FEM 1 - -0.270422  -0.024804 0.040647 -2.721775
1071 -0.273811 -0.024663  0.046720 -2.732175
1072 -0.272441 -0.026763 0.043196 -2.743785
GFD / BEM-FEM 2 1073 -0.253422 -0.045722 0.045168 -2.741105
107*  -0.067677 -0.231990 0.030587 -2.714976
DDM / BEM-FEM 1 - -0.274320 -0.024530 0.046884 -2.717310

Table 5.1: Sensitivities for a vertical barrier (a = (0,0, -8, 0.5)

dyr dy dy dy
Methodology / Model Aa. d id id
cthodo OgY/ ode a] da1 da2 da3 da4
101 0918170 0315681 -0.091428 -2.763727
102 0.918818 0315490 -0.092140 -2.701609
GFD/BEM-BEM 105 (1918724 0315770 -0.092117 -2.738099
104 0.918735 0315631 -0.092111 -2.740870
DDM/BEM_BEM - 0918243 0315682 -0.092150 -2.754934
101 0918748 0313146 -0.099214 -2.691929
102 0.907295 0367585 -0.095097 -2.568600
GFD/BEM-FEM 105 (904674 0316097 -0.073474 -2.557267
104 0.855978 0385557 -0.199216 -2.821976
DDM/BEM_FEM I - 0915422 0309543 -0.079929 -2.706064
101 0922270 0306479 -0.095655 -2.744842
102 0912900 0315847 -0.091904 -2.686637
GFD/BEM-FEM2 05 (913033 0316588 -0.091738 -2.723225
104 0912735 0321061 -0.091038 -2.721601
DDM/BEM_FEM 1 - 0912321 0316000 -0.091886 -2.739976

Table 5.2: Sensitivities for a inclined barrier (a = (—4,4, -8, 1))
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function and its gradient. Here, the BEM-BEM model is used as the analysis model.
The upper and lower bounds of the design variables are defined explicitly before calling
fmincon. The non-linear constraint is implemented by an user-defined function where it
is evaluated.

The shape optimization has been performed for a range of maximum areas Ay,x =
[1,12]. By doing so, an approximation of the Pareto front is obtained for the conflicting
constraint Ap,x and objective function . Three local minima have been observed when
starting from three different designs: ay, = (0,0,-8,0.5), ayan = (-2,-2,-8,0.5) and
g = (—4,4,-8,0.5). The results are shown in Tables 5.3, 5.4 and 5.5, and Figures 5.4,
5.5 and 5.6. The approximation of the Pareto front is shown in Figure 5.3.

5.3 Conclusions and further research

This report collects the results obtained during the research stay, which has been the
first contact of the author with FEM or BEM sensitivity analysis. It also contains some
developments done during the month after the stay.

The FEM sensitivity formulation, despite being relatively simple if the semianalytical
approach is used, is not trouble-free. For this reason, it was decided to take a step forward
and search for an analytical solution to the matrices differentiation. Among others, Olhoff
et al. [49] had offered a tractable solution. We have developed their formulation for two-
dimensional solid elements, and excellent results have been obtained. Their formulation is
more simple than it looks, and it is adviceable to make the effort for the sake of robustness.

The BEM sensitivity formulation is, however, much more involved. Almost one third
of this report is concerned to this formulation. The Variation Singular Boundary Integral
Equation for interior and boundary points have been developed for Laplace, Helmholtz,
elastostatics and elastodynamics problems. The corresponding chapter has been written
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Amax ai ap as a4 14

1.175 2273 -3.147 0.300 -0.198
1.034 1526 -6.648 0.300 -1.177
0951 1.275 -7.633 0.393 -1.725
0963 1250 -7.799 0.513 -2.102
0977 1233 -7.923 0.631 -2.433
0988 1.224 -8.000 0.750 -2.728
1.006 1.240 -8.000 0.875 -2.985
1.024 1.252 -8.000 1.000 -3.216
1.038 1.257 -8.000 1.125 -3.428
1.057 1.265 -8.000 1.250 -3.612
1.072 1264 -8.000 1.375 -3.788
1.096 1.265 -8.000 1.500 -3.938

PO m o 00U AW~

Table 5.3: Optimization results when ag, = (0,0, -8, 0.5)

_9 | | | | | | | | | | | | |
-7-6-5-4-3-2-10122345¢6 7
X1

Figure 5.4: Layout of the optimized wave barrier varying A .y, asare = (0,0, —8,0.5).

81



N
=]
f=~)
5

ai a as ay v

-3.646 -5.000 -3.046 0.300 -0.429
-1.983 -3.827 -6.118 0.313 -1.304
-1.856 -3.807 -6.360 0.451 -1.722
-1.755 -3.800 -6.510 0.586 -2.087
-1.668 -3.808 -6.595 0.721 -2.421
-1.590 -3.835 -6.625 0.858 -2.734
-1.513 -3.881 -6.604 0.998 -3.034
-1.441 -3941 -6.542 1.142 -3.330
-1.375 -3.999 -6475 1.288 -3.616
10 -1.304 -4.043 -6.410 1.435 -3.906
11 -1.221 -3961 -6.802 1500 -4.156
12 -1.200 -3.709 -7.440 1.500 -4.216

O 00 3O DN A~ WIN K~

Table 5.4: Optimization results when ag, = (-2, -2,-8,0.5)

X2
A
|

_9 | | | | | | | | | | | | |
-7 -6-5-4-3-2-101223456 7
X1

Figure 5.5: Layout of the optimized wave barrier varying A.x, asare = (=2, =2, =8, 0.5).
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Anmax a a as a4 ¥

1 5.000 1.820 -1.000 0.300 -0.641
2 -1.983 -3.827 -6.118 0.313 -1.304
3 -1.856 -3.807 -6.360 0.451 -1.722
4 -5.000 -2.376 -5.018 0.706 -1.687
5 -5.000 -2410 -5.123 0.871 -2.161
6
7
8
9

-5.000 -2.417 -5.228 1.029 -2.661
-5.000 -2.410 -5.334 1.180 -3.144
-5.000 -2.375 -5443 1.324 -3.631
-4.995 -2272 -5.580 1.448 -4.108
10  -5.000 -1.847 -5.874 1.500 -4.561
11 -5.000 -1.178 -6.259 1.500 -4.891
12 -5.000 -0498 -6.613 1.500 -5.250

Table 5.5: Optimization results when ag, = (—4,4,-8,0.5)

_9 | | | | | | | | | | | | |
-7-6-5-4-3-2-10122345¢6 7
X1

Figure 5.6: Layout of the optimized wave barrier varying A, asuare = (—4, 4, =8, 0.5).
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trying to be very explicit and pedagogic. If one compares the results of the validation
problems, it is clear the superiority of the BEM over the FEM for wave propagation
problems. Its error levels for the same element size are much lower.

As it is well known, there are problems where neither the FEM nor the BEM is able to
solve them efficiently. For this reason, we have described and explained the classical cou-
pling conditions applied to the sensitivity analysis. It was shown that the direct coupling
is similar to any standard zero-order analysis, except that is more involved.

There are several aspects of these formulations that could be improved or expanded:

e The analytical differentiation of the matrices related to the solid isoparametric ele-
ments can be applied to structural elements, as shown by Olhoff et al. [49]. This is
very interesting in order to optimize designs where structural elements appear.

o Although this report is concerned with the shape optimization, it is not difficult to
include material optimization (sensitivities of material properties). This could be
used on identification problems.

e Concerning the DDM-BEM formulation, the SHBIE for the already studied prob-
lems (Laplace, Helmholtz, elastostatics and elastodynamics) could be obtained thanks
to the experience acquired when working on the present research.

e Formulate and implement the variational coupling of Belytschko [41] in the context
of sensitivity analysis. To author’s best knowledge, this is something that has not
been done. It would be interesting to evaluate if the improvement in accuracy that
this coupling would bring compensate its involved formulation.

e Obtain these formulations for three-dimensional problems.

e Study the possibilities of hybridization of gradient-based optimization and genetic
algorithms in order to get rid of the local minima.

The developed formulation could be applied to more interesting problems:

e The simple wave barrier studied in the present work is useful as an application
problem. A more complex wave barrier would be more interesting designs with
better performance and less costs. Also, in order to get a more robust design, the
objective function would be modified, which could be done in several directions.
Instead of considering a single frequency, a range of frequencies could be studied,
and hence the objective function must be modified accordingly. In the same way,
instead of using just one receiver, a zone of receivers can be defined.

¢ Given that we have developed BEM-BEM and BEM—-FEM couplings for sensitivity
analysis in the two-dimensional context, it would be interesting to study of Fluid-
Structure, Structure-Soil-Structure, or Fluid-Soil-Structure Interaction problems.
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Appendix A

Free-term bilkjm of the 6SBIE for
elastostatics

In this appendix, the values of the free-term b}kjm existing in the elastostatic (and elasto-
dynamic) 6SBIE for boundary collocation points are presented, see Equation (3.150).

1
B:_47r(1—v) (A-D
by, = g sin(6) — 62)] — 4(v = 1) cos(f) + 62) + cos(36) + 62) + cos(fy + 36,)] (A.2)
b, = —g[ c08(261) - cos(267) [ cos(261) + cos(26,) — 2v + 1] (A3)
by = —g[ c08(261) - cos(267)|[ cos(261) + cos(26,) — 2v + 3] (A.4)

. B
b1y = = sin(6 - 02)| = 4(v = 1) cos(fy + 62) + cos(30; + 62) + cos(B) +36)|  (A.5)

. B

by, = —5[ c08(261) - cos(262) || cos(261) + cos(26,) — 2v + 1] (A.6)
. B

by, = Z[4v sin(26;) — sin(46;) — 4v sin(262) + sin(46,)] (A7)

‘ B
Doy = =7 sin(0h - 02)| = 4(v = 1) cos(fy + 62) + cos(30; + 62) + cos(B) +362)|  (A8)

. B

by = 5[ c08(261) — cos(267)|[ cos(261) + cos(262) - 2v + 1] (A.9)
; B

b, = —5[ c08(261) - cos(267) [ cos(261) + cos(26) +2v — 1] (A.10)
. B

by1jp = = sin(6 - 02)[4(v = 1) cos(fy + 62) + cos(30; + 62) + cos(fy + 36,)] (A.11)
. B

by = Z[ — 4ysin(260;) — sin(46;) + 4v sin(20) + sin(46,)| (A.12)
. B

by = E[ c0s(261) — cos(262) || cos(261) + cos(26) +2v — 1] (A.13)
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. B
byyy = =7 sin(0h - 02)[4(v = 1) cos(fy + 62) + cos(30; + 62) + cos(fy + 36,)]
. B
by = E[ c08(261) - cos(262)|[ cos(261) + cos(26,) +2v — 3]
. B
bhyyy = 5[ cos(26;) — cos(292)][ cos(261) + cos(20) + 2v — 1]

. B
Doy = 5 sin(0h ~ 02)[4(v = 1) cos(fy + 62) + cos(30; + 62) + cos(fy + 36,)]
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Appendix B

Decomposition of elastodynamic

fundamental solution and its derivatives

The elastodynamic fundamental solution and its derivatives were presented in Equations
(3.201-3.205). In the present appendix, their main terms U, V;, T; and R; are decomposed
by using the decomposition of Bessel functions shown in Equation (3.113). Note that
terms V3, R, R4 and R¢ have been omitted for brevity, see Equations (3.202) and (3.205).

iko 1 k% ik; 1

+In—+-+—=[y+In— - =
[ ) kg(y 3 2)

1 (K 1
U, :——[—1+1)1nr—§ +K0R(ikzr)

K1 KR (ikyr) + ! KR (ikyr)
- K\r)+ — KT
k%iklr P ikor ! 2

1 (Kt 1 ki
Uy==|—= 1|+ |- 21|21
SRTL A BTE

1 ik 3\ K ik, 3 ki
+3 k%(y+ln172—z)—k—§(y+ln%—Z)]rZ—k—éKg(iklr)wLK};(ikgr)
2 2
1(k ]1 1(k‘1‘ s
V1=——(—2+1 —+ 5|5 +3k|rinr
2 k3 r 8 ks

11k ik 3\ ., iky 3\ ., iky 1
+§{Z[g(y+ln7—Z)—kZ(y+ln7—Z) +k2(y+ln7—§) r

ki1 1
— ika KR (ikyr) + k—‘Z;Klg (ikyr) — ;Klg (ikar)
2

kZ 1 1 k4 k2
Vo= —1]-+- —1—k2)r—ik—lKR ikir) + ik KR (ikor
) (k§ )r S(kg 5 1k§1(1) 2K (ikar)
k? 4
14 R R (;
_ %;Kz (ik1r) + 4K5 (ikor)

KoL (|, ko ox R
Ti=2| 5 =15+ 7| g~k r = 2k oKL (k) + 2ikK] ikor)
2 2 2
ki 8 8
- k—é;KzR (ikir) + ;KZR (ikyr)
2
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K1 1(k 1
T, = ——1—+—(—;+k%)rlnr+—

ks ik 3 ik 1
1 1 2 2
_»)/+1 — ——\|+k »);+1 = _ _

Kro 4lk 4
2 2k2 (B.6)
2 2
— iko KR (ikyr) + — =KX (ikyr) — =K (ikor)
k2 r r
k2 1 1 k4
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